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Abstract

carbonatmosphericofconcentrationaverageglobalthe1999through1978From
samplesairofmeasurementstoaccordingppm368toppm335fromincreaseddioxide

ThePole.SouththetoArcticthefromextendingstationstenofarrayanatcollected
inoccurringrateshighestwithhowever,widely,variedincreaseofrateaverageglobal

nearyearscalendartheseoffirstthebutall1998,and1994,1990,1987,1983,1980,
Theevents.no˜NiEloftimes 13C /12 onmeasureddioxide,carbonofratioisotopicC

exchangethatsuggestingmanner,irregularsimilarlyainvariedsamples,airsamethe
COatmosphericof 2 sig-bothofcausedominanttheissoilandplantsterrestrialwith

deconvolution""doubleacalledprocedureabydatatheofanalysisQuantitativenals.
oppo-oceans,thewithexchangevariableasuggestsalsobuthypothesisthissupports

becausehowever,error,inbemayresultThisexchange.terrestrialthetophaseinsite
terres-ofdiscriminationisotopicaverageglobalthethatassumptionanondependsit
aboutonlyofdiscriminationinvariationaforAllowingconstant.beenhasplantstrial

1°/°° beenhasphasingitsifflux,oceanicinfluctuationsopposingtheeliminatewould
COofchangeofrateinfluctuationsobservedtheofthattoopposite 2 Inconcentration.

COofexchangesregionaldeducefurtherwefollow,thatarticlescompanionthree 2,
diox-carbonatmosphericsamethefromcomputedgradientslatitudinalofusemaking

study.globalthisinuseddataide
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Preface

ofsinksandsourcescharacterizetoseeksthatarticlesfouroffirsttheisThis

andconcentrationtheofmeasurementsdirectfromdioxidecarbonatmospheric
13C /12 COatmosphericofratioC 2 [1989a].al.etKeelingbystudyearlieranupdating,

henceforthtoreferredarestudy,singleaofchaptersthoughasorganizedarticles,The

al.etPiper[2001],al.etKeelingtorespectively,corresponding,IVtoIArticlesas

[2001].PiperandKeelingand[2001a,b],

Introduction1.

earth’stheonactivitieshumanofconsequencestheunequivocallyestablishTo

geophysicalfrompredictionsaswellasneededareobservationsdirectcycle,carbon

ofcombustionthewhichinera,industrialtheDuringmodels.biogeochemicaland

1FigureCOatmosphericinrisesharpatocontributedhasfuelfossil 2 measure-1),(Figure

andconcentrationtheofments 13C /12 COatmosphericofratioC 2 especiallyare

COatmosphericingradientstime-varyingthecorrectlypredicttoAbilityrelevant. 2

linkthatmodelstrustingforrequirementindispensableanisestablishdatathesethat

car-theofreservoirsoceanicandterrestrial,atmosphere,theincarbonofstoragethe

iftransfers,Thesepools.carbonglobalthesebetweencarbonoftransferstocyclebon

measurements,fluxlocalofintegrationswithcomparedbecanturninvalidated,thus

fluxeddy-correlationEurofluxandAmerifluxthebyexampleforland,onoutcarried

exampleforoceans,theinand2000]al.,etAubinet2000;al.,et[Hollingernetworks

thus127-8],pp.1996,Michaels,and[KarlStudyFluxesOceanGlobalJointtheby

globaltheonimpactshumanassesstoapproachesbottom-upandtop-downcombining

cycle.carbon

COatmosphericanacquireTo 2 onimpactshumanestablishtoadequatedatabase

atmos-Becauseworld-wide.airsampletonecessaryisitscales,globalandcontinental

theonsinksandsourceslocalofeffectstheoutsmoothtotendsturbulencepheric

COatmospheric 2 arelocationssamplingofnumberlimitedaonlydistribution,

ofsinksandsourceslocallargefromremotearetheythatprovidedhowever,required,

CO2.

wewhichin1989a],al.,et[KeelingstudyearlyanupdatewestudythisIn

ourbutstudies,globalrecentothermostthanlocationsfewerfromdataondepend

refrainedhaveWedegree.considerableatocompensatesdataisotopicextensivemore

adequatebecauseinvestigatorsotherbymeasureddataatmosphericofusedirectfrom

totallyonbasedanalysisanandpending,stillisdataourwithcross-calibration
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thewithcomparisonforusefulbeshouldmeasurementsatmosphericindependent

studies.otherofresults

that,components""sourceregionalofsetacalculatetoishereapproachOur

COatmosphericoftransferssignificantgloballyalltosumtogether, 2 terres-thewith

ofemissionsindustrialincludecomponentsThesereservoirs.carbonoceanicandtrial

CO2 andsoils,ofandvegetationterrestrialtodisturbanceshuman-inducedtermlong,

COofuptaketheassuchdisturbances,thesebyinducedperturbations 2 oceanstheby

COnaturalandvegetation,terrestrialand 2 components,theseconstructingInfluxes.

COatmosphericofsinksandsourcesbothportraywhich 2 ofusemakewe, prioria

ofsetsdataglobalgriddedspatiallyincludingpossible,asmuchasinformation

activityphotosyntheticterrestrialandtemperaturessurfacelandandseaobserved

knownreliablylesstheForsatellites.byobserveddatasensingremotefromderived

prescribe,wecomponents, prioria adjust-structures,temporalandspatialtheironly,

COofobservationsouroptimallypredicttosimultaneouslystrengthsoveralltheiring 2

andconcentration 13C /12 fluxes.componentofsetentiretheofaccounttakingC,

to1,Stepsteps.principaltwoinoutcarriedisprocedureinverseessentiallyThis

COatmosphericofexchangesaverageglobalonlycomputeshere,describedbe 2.

COtransferwhichexchanges,These 2 (hen-soilsandvegetationterrestrialfromandto

oceansworldthefromandtoandbiosphere")"terrestrialthecalledtogetherceforth,

concentrationtime-varyingofaveragesglobalfrominferredare"oceans"),(henceforth,

and 13C /12 theindescribedbeto2,Stepobservations.ourfromdeterminedratioC

globalthewithagreetoconstrainedfluxes,regionalcomputesfollow,thatarticles

biogeochemicalglobalaemploysstepfirstThis1.stepininferredfluxesaverage

theofenoughportraysthatsubmodels,oceanicandterrestrialofconsistingmodel,

car-ofbudgetglobaltime-varyingaestablishtocyclecarbontheofdynamicsinternal

secondtheIn185-193].pp.[1989a,al.etKeelingbyemployedthattosimilarbon,

COglobalthestep, 2 con-regionally,distributedarebudgetthisbyestablishedfluxes

anandcomponentssourceregionalbyspecifiedconditionsboundarywithsistent

model.transportatmospheric

atmos-ofsinksandsourcestime-varyinghowdeterminetoischallengemajorA

COpheric 2 includingactivities,humanandprocessesnaturalofinterplaythereflect

Ofenvironment.physicalitsandcyclecarbonearth’sthebetweenfeedbacks

enhancedanbyalteredbeingisbalanceheatearth’sthethatisinterestparamount

COofconcentrationsrisingbycausedeffectgreenhouse 2 infrared-absorbingotherand

carbonthealteringconsequence,aasoccurringisprobablywarmingGlobalgases.

complicated,ispictureThe2000].Crowley,1995;al.,et[Santergloballycycle
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balanceheatearth’stheimpactalsoclimateinvariationsnaturalbecausehowever,

[Fal-cyclecarbontheand2000]Schlesinger,andAndronova1999;Robock,and[Free

2000].al.,etkowski

COofmeasurementsarestudythistoessentialmostobservationstheAlthough 2

itsbyaffordedisinformationvaluableconcentration, 13C /12 con-ratio,isotopicC

ratioisotopicreducedthebyexpressedveniently

δ13C = (13r − 13rs ) / 13rs (1.1)

where 13r measuredthedenotes 13C /12 COofsamplespecificaofratioC 2 and, 13rs a

Becausebelow.notedasstandard,internationalanbydefinedvaluereferenceconstant

(carbon-13isotope,stablerarethe 13 isplants,landbyphotosynthesisduringC),

(carbon-12isotope,abundantmorethetorelativefractionatedstrongly 12 terres-theC),

thealtersbiospheretrial δ13 COatmosphericofC 2 [Keel-oceansthedothanmorefar

COoceanicandTerrestrial1989a].al.,eting 2 usingdistinguishedbethuscanfluxes

δ13 fractionationtheinvariabilityincludinginformation,additionalcertainwithdata,C

con-growingdifferentunderandplantsoftypesdifferentforphotosynthesisforfactor

oce-theofmixingverticalofdegreetheofevidencetime-scales,longonand,ditions

ans.

followingtheinpresentedisexchangecarbonregionalandglobalofanalysisOur

COatmosphericourpresentweI,Articlearticle,firstthisInorder. 2 byfolloweddata

averagesglobalonbasedfluxesoceanicandterrestrialaverageglobalofcalculationa

COatmosphericourof 2 thatmodelcyclecarbonadescribeweII,ArticleIndata.

atmosphericingradientsofcontroltheunderfluxesregionalcomputetousenables

CO2 inuseddataatmosphericsamethefromdeducedratio,isotopicandconcentration

esti-ourinuncertaintiesassesswetests,sensitivitybyIII,ArticleInstudy.globalour

andfindingsouroffeaturessalientdescribesIVArticlefluxes.regionalofmates

investigations.otheroffindingswiththemcompares

observationsAtmospheric2.

stationsindividualforData2.1

COatmosphericofObservations 2 itsandconcentration 13C /12 expressedratio,C

by δ13 north-southnearlyaalongsituatedstations10ofarrayanfromobtainedwereC,

2FigurethetoArcticthefromextendstationsThebasin.OceanPacifictheinmainlytransect

1Table
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frompossibleasfaraslocatedlandonsitesat1),Tableand2Figure(seePoleSouth

interferenceslocalofeffectsThefuels.fossilofcombustionandactivitybiological

reflectmainlyobservationsthethatsoupwind,airthesamplingbyminimizedwere

CObroad-scale 2 dataisotopicthe1957,inbeginssetdataconcentrationThefluxes.

1986fromarraytheofstationsallfortime-seriescompleteprovideData1977.inset

1977.afterdataconsidermainlyweHereonward.

COEach 2 record,concentration C (t function,seasonalaintodecomposedwas)

thetoaccordingfunction,detrendedseasonallyaandharmonics,fourofconsisting

relation

C (t ) = Cseas (t ) + Cannual (t (2.1))

where

Cseas (t ) = (1 γ+ t )
k =1
Σ
m

(ak sin ωk t + bk cos ωk t (2.2))

expressionsecondtheIn γ factors,theandfactor")"gain(a ak and bk con-denote,

data;thetofitaviaobtainedstants t years;intimethedenotes ωk fre-angularthe

2toequalquency, πk and; m season-The4.betochosenharmonics,ofnumberthe

function,adjustedally Cannual annualthewhichinfunctionsplineabyexpressedis,

valuepredeterminedatosetisderivativesecondsquaredtheofintegraltheofaverage

actualTherecords.theofallofsmoothingofdegreeuniformnearlyaprovideto

etKeeling(seefunctionsintermediateinvolvingstepsseveralinestablishedisfunction

deter-toandcalculationtheinstabilityassureto218-227])pp.and167p.[1989a,al.

observation.eachofdatesactualtheaccountintotakethataveragesmonthlymine

record,isotopicThe δ13C (t similarly.treatedis),

COThe 2 concentration C (t millionperpartsinfractionmoleaasexpressedis)

data,isotopicthe(ppm),airdryof δ13C (t (milperin), °/°° stan-thefromdepartures)

measure-sampling,ofMethods1973].Grootes,andMook1957;[Craig,PDBdard

pointsdataMonthlyC.andB,A,Appendicesindescribedarecalibrationsandments,

3Figureofscale(the3Figureinshownaretrendssmoothedand δ13C (t Standardinverted).)

arearrayourofstations10theforfitssplinethetopointsdataindividualtheoferrors

Seasonallybelow.7.2,subsectionindiscussedandD4andD3Tablesinlisted

trends,adjusted Cannual and δ13Cannual linearaafter4Figureinsummarizedare,

4Figureinterannualshort-termrevealtosubtractedbeenhasstations,allforsamethetrend,

con-theinchangesthatsosetare4and3FiguresforscalesverticalThevariations.

proportiontheinareratioisotopicandcentrations
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∆δ13 /C ∆C −= 0.050 °/°° ppm−1 (2.3)

COatmosphericinvariabilityseasonalforexpectedthatapproximately 2 bycaused

171].p.1989a,al.,etKeeling[cf.biosphereterrestrialthewithexchange

COthe4,FigureinindicatedAs 2 monotonicallyalmostdecreasesconcentration

registerBarrow,PointandAlertstations,Arctictwothatsuchsouthtonorthfrom

andZealandNewinstations,southerlymostthethanhigherppm5to3concentrations

ofpredominancetheisdecreasesouthwardtheofcausemainThePole.Souththeat

COofemissionsindustrial 2 These1989b].al.,et[Keelinghemispherenorthernthein

causeaddition,inemissions, δ13 COatmosphericofC 2 south,tonorthfromincreaseto

rela-carbon-13,isotope,carbonheavytheindepletedstronglyarefuelsfossilbecause

COatmospherictotive 2 explanationThecarbon.plantasoriginstheirofreflectiona,

COingradientisotopicnorth-souththefor 2 toowinghowever,complicated,moreis

Ofplants.landofphotosynthesiswithassociatednotprocessesfractionationisotopic

infractionationisotopictemperature-dependentisimportantmosttheprocesses,these

COofexchangeair-seathe 2 negativepromoteswhich δ13 torelativelatitudeshighatC

al.,et[Keelingnorthernthetorelativehemispheresoutherntheinandlatitudes,low

323].p.1989a,

andconcentrationinvariationsinterannualShort-term δ13 tem-similarexhibitC

frompatternssimilarextent,considerableatoand,stationsindividualatpatternsporal

COindustrialofEmissionsstation.tostation 2 fromslightlyonlyvarytheybecause,

thebecauseTherefore,patterns.temporalthesetolittlecontributeyear,toyear δ13C

bios-terrestrialthatimpliespatternsinsimilaritiesthelarge,relativelyarevariations

COinvariationsshort-termofcausedominantthearefluxespheric 2 asconcentration,

inaswell δ13C.

COofvariabilitytemporalofAssociation2.2 2 factorsclimaticwith

derivedinand4,FigureinseenpatternsinterannualtheinterpretinginaidTo

CO2 COatmosphericinvariabilityquasi-periodicidentifywelater,shownfluxes 2

COadjustedseasonallythewhichduringtime-intervalsbydefined 2 atconcentration

propor-linetrendlong-termathanrapidlymoreroseHawaiiObservatory,LoaMauna

COindustrialtotional 2 shownarelinetrendtheanddataLoaMaunaTheemissions.

5FigureCOrisingrapidofintervalsthedemarkingbarsgrayverticalwith5Figurein 2 Data.

measure-thebecauseidentificationthisforchosenwereObservatoryLoaMaunafrom

ofratedeterminedpreciselymoreaprovidethusandcontinuousaretherements

thereobservedratetheAlso,program.observingourinstationotheranythanchange
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datapoletopolenearlythefromestimatedrateaverageglobalthewithcloselyagrees

shown).not(plot4Figureof

COrisingrapidlyofassociationAn 2 theinconsistentlyseenistemperaturewith

1995,63;Figure1989a,al.,et[Keeling1957inbeginningitssincerecordLoaMauna

graytheassociation,thiswithconsistentb,Panel5,FigureinshownAs2].Figure

[1976],BacastowbynotedfirstAsperiods.warmindicateexceptionwithoutbars

COrisingrapidly 2 scaleglobalalmostinvolvingeventsno˜NiElduringoccurtypically

aofvaluelowabyidentifiableandtemperature,especiallyfactors,climaticinchanges

Wal-and[Rasmusson(SOI)IndexOscillationSouthernthecalledindicatorclimatic

lowshowsindeed,5b,FigureinplottedalsoSOI,The1987].Meehl,1983;lace,

all.notbutbars,graytheofsomeoftimesatvalues

PacifictheacrossdifferencepressurebarometricsurfacethetracksSOIThe

andeventsno˜NiElduringweakensdifferencepressureThistropics.theinOcean

oscillationno-Southern˜NiElso-calledainphaseoppositetheduringstrengthens

1983,in5,Figureinplottedtime-periodtheduringoccasions3Oncycle.(ENSO)

sharpbyfollowedSOItheinminimapronouncedwerethere1998,and1987,

strongbyaccompaniedoccurred,eventsno˜NiElstrongverytimes,theseAtincreases.

COatmosphericofriseofratetheinincreasesprominentandwarming 2 and[Slingo

exactlyalmosteventstheseforminimumSOIaoftimingtheThat2000].Annamalai,

phasecloseremarkablyasuggestsbargrayaofcommencementthewithcoincides

COofratethetorelation 2 SOI-COTherise. 2 ofperiodprolongedaduringrelation

theforconsistentleasttheindeed,consistent,lessis1994through1992fromSOIlow

COofriseofrateindecreasesharpArecord.LoaMaunatheofyears42entire 2

persistedand1991inPinatuboMt.oferuptionvolcanictheafterimmediatelybegan

COThen1993.until 2 vol-aofdissipationthewithassociationevidentinrisetobegan

com-Theeruption.theaftertemperaturescoolpromotedhadthatveildustcanic

cycle,ENSOthetorelatednotevidentlyis1993lateinbargrayaofmencement

thetoreturnamarksprobablyintervalbargraytheofdurationlongthealthough

SOI-CO2 noted.alreadyeventsprominentthreetheinseenassociation

evi-notwarming,globalwithassociatedare1990and1980nearbarsgrayThe

weakaoftimetheatbargraynoisthereAlso,events.no˜NiElwithcorrelateddently

coolingofperiodtheduringwaseventthisbecauseprobably1992,ineventno˜NiEl

timesidentify5FigureofbarsgraytheThuseruption.Pinatubothewithassociated

SOItheinoscillationsstronginvolveditwhenyears22pasttheofcycleENSOtheof

identifyalsotheybuteruption,volcanicpowerfulveryabycomplicatednotwasand

cycle.ENSOthewithassociatedclearlynotwarmingrapidoftimes
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averagedgloballyData2.3

concentrationaverageglobaltheestimatedweabove,describeddatatheFrom

ratio,isotopicand δ13 COatmosphericofC, 2 procedureaby1999through1978from

used,notwereHawaii,Observatory,LoaMaunaforDataD.Appendixindescribed

6Figure6,Figureinshownaretime-seriesresultingThe5.sectionII,Articleinexplainedas

weretime-seriesthesepurposes,modelingFor7.Figureintime-derivativestheirand

7FigureFig-inshownseries,concentrationtheofextensionThe1740.A.D.tobackextended

Dome,Lawatcollectediceglacialintrappedairfromdataofconsists1,ure

1955afterandconcentration,averageglobaltherepresenttoassumedAntarctica,

theofextensionTheD.Appendixindescribedasobservations,direct δ13 wasseriesC

theofusemakingbelow,4,sectionindescribedproceduredeconvolutionabycreated

COglobal 2 globaltheofdisequilibriachemicalestablishtotime-seriesconcentration

carbonoceanicandbiospheric,terrestrialatmospheric,thethatassumingcycle,carbon

The1740.inequilibriaisotopicandchemicalatwerereservoirs 13C /12 1740inratioC

thatsosetwas δ13 observations.fromvaluethewithagreedexactly1978inC

COSeasonaltheofSignatureIsotopic3. 2 Cycle

COatmosphericofconcentrationThe 2 ratio,isotopicreduceditsand δ13 asC,

thebecausecycles,seasonaltheirovercovary3,Figureinseen δ13 ofcarbontheofC

COatmosphericofthatthannegativemoredistinctlyisplantsland 2 seasonalityand,

atmosphericinseasonalityofcausesdominantthearerespirationandgrowthplantof

CO2 offeatureprominentaaisseasonalitythiswherehemispherenortherntheOver.

COthe 2 therecords, δ13 biosphereterrestrialthebetweenexchangedbetoinferredC

COofthatapproachtotendscycleannualeachoveratmospheretheand 2 byrespired

hemisphere,southerntheIn1989].al.,etHeimann1983,al.,et[Mookplantsland

COincyclesseasonalsmallonlyproducesactivityplanthowever, 2 andconcentration

δ13 theofcovariancetheexplainsthatratioisotopicaveragetheconsequently,and,C,

established.preciselynotistherecycleseasonal

averageannualThe 13C /12 COatmosphericofcycleseasonaltheofsignatureC 2,

phaseanyinanditselfsignaturetheinvariabilityseasonalpossibledisregarding

COterrestrialandoceanicbetweendifference 2 expressionthebygivenisexchange,

δ13CI δ= 13Co + (δ13C δ− 13Co ) µ / ( µ−µ o (3.1))
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where δ13 andC µ offractionmoleandratioisotopicreducedtherespectively,denote,

COatmosphericofsamplegivenany 2 and, δ13Co and µo referencerespectiveare

COatmosphericofmeasurementsourtoreferwediscussionthis(Invalues. 2 theby

usewepractice,commonfollowingelsewhere,althoughfraction","moleterm,correct

relationshipthefromfollows(3.1)Equation"concentration".)termpreciselessthe

(δ13C ) =µ (δ13Co )µo δ+ 13CI ( µ−µ o (3.2))

ofproductthewhichin δ13 fraction,molehence(andmasscarbonandC µ veryis)

COofsamplesmoreortwowhenadditivenearly 2 areair,assuchgas,carrierain

and(5.11)equationsafter262and261pages1989,Keeling,and[Heimannmixed

valueswithairofsamplereferenceaidentifyweHere(5.17)]. δ13Co and µo to,

(addediswhich µ - µo COofvolumeunitpermoles) 2 ratio,isotopicanwithgas

δ13CI values,referencetheforIf,. δ13Co and µo appropriatemeansannualassignwe,

to δ13 andC µ COatmosphericof 2 thattermdiscriminationisotopictherespectively,,

ofcovarianceseasonaltheexplains δ13 andC µ byexpressedis

13∆cov δ= 13CI δ− 13Co (3.3)

ofvaluespairedofsetafromlocation,givenaFor δ13 andC µ−1 linearabyfind,we,

intercept,thefit,squaresleast δ13CI (slope,theand, δ13Co δ− 13CI )µo expres-theof,

sion

δ13C δ= 13CI + (δ13Co δ− 13CI )(µo /µ (3.4))

for(3.2)equationsolvingbyderived δ13 afterwardsWe278].p.1961,Keeling,[cf.C

calculate 13∆cov (3.3).equationvia

8Figuretrendsslight8),(FigurehemispherenortherntheinrecordsatmosphericourIn

negativemoretowardsdiscernedbecan δ13CI hence,(and 13∆cov todecadefrom),

notdotrendsdecadalThevariability.interannualshort-termtoadditionindecade,

averagethefromhowever,differ,significantly δ13 COatmosphericoftrendC 2 shown,

line.straightabyploteachon

invariabilityinterannualshort-termObserved δ13CI changesafterlesstypicallyis

C)Appendix(see1991inplacetookprocedurescalibratingandinstrumentationin

byestablishedasmeasurements,spectrometricmassprecisemoreinresultedwhich

JollaLaandstationsArcticthe1991,afteronlydataAddressinganalyses.replicate

invariabilityinterannuallittleshow δ13CI pos-showKumukahiCapeandLoaMauna;

2ofrangetheinvariationsannualsignificantsibly °/°° stations,northerntheseFor.

COoceanicwhere 2 seasonaltheoneffectnegligibleaorsmall,aonlyhasexchange
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COatmosphericofcycle 2, 13∆cov photosyn-fordiscriminationisotopicthetocloseis

regions,largeoveraverageddiscrimination,thisthatsuggestingplants,landofthesis

2to1bytemporallyvariedhas °/°° latitude,torespectWithdecade.pasttheduring

2Tableofaverages δ13CI variationofevidencelittleshow2,Tableinlisted1992-1999,from

-27.5sharply:differaverageshemisphericthebuthemisphere,eitherwithin °/°° thein

-17.5northern, °/°° foraveragelowerThesouthern.thein δ13CI hemi-southernthein

atmosphericofcycleseasonalthetocontributionsignificantawithconsistentissphere

CO2 terrestrialthandiscriminationisotopiclowerfaritswithexchange,oceanicby

athatreflectalsomayaveragelowertheextent,indeterminateanToexchange.

photosyn-autilizeshemispheresoutherntheinlandonvegetationtheofpartgreater

pathway,commonmorethethanfractionationlowermuchwithC4,pathway,thetic

below).5,section(seeC3

DataGlobalofDeconvolution4.

descriptionmodelGeneral4.1

COatmosphericinvariationstemporalaveragedgloballyresolveTo 2 terres-into

callwewhatbyFirst,procedure.inverseanemploywecomponents,oceanicandtrial

COterrestrialandoceanicthededucewedeconvolution,""singlea 2 fluxesexchange

COatmosphericfromsolely 2 deconvolution","doubleabyThen,data.concentration

thewithconsistentbetoestimatestheseadjustwe 13C /12 atmos-ofratioisotopicC

COpheric 2.

carbonofpoolsglobalsignificantmosttheonlyidentifywecalculationstheseIn

COatmosphericcontemporaryaffecting 2 bicar-ofmainlyconsistingpooloceanican:

carbonorganicofconsistingpoolbiosphericterrestrialasalts;carbonateandbonate

avail-therepresentingpoolfuelfossilaandsoils;anddetritus,plants,livinginstored

globalassociatedThecombined.gas,naturalandpetroleum,coal,ofresourceable

COoffluxesexchangeaverage 2 byrespectively,denote,we Foce , Fbio and, Find The.

flux,industrial Find cementofmanufacturethefromcontributionsmallaincludes,

while2000],al.,et[Andres Foce and Fbio relativelythearewhichfluxesnetrepresent

inhereexpressedbewillfluxesAllfluxes.one-waylargebetweendifferencessmall

10=(PgCcarbonofpetograms 12 ofsumtheapproximation,closeaTocarbon).ofkg

COatmosphericofchangeofratethedeterminefluxestime-dependentthree 2 abun-

dance, Na budgetcyclecarbonatmosphericglobalmass-conservingthebyexpressed,

equation
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dNa dt/ = Find + Foce + Fbio (4.1)

(cf.(4.1)equationoftermstheofstrengthsaveragethedecadestwopasttheOver

atmos-ofconcentrationThefollows.asapproximatelyarebelow)6.1,subsection

COpheric 2 3aboutatrisenhas 1⁄2 yrPgC −1 industrialofratethehalfoverlittlea,

yrPgC6aboutemissions, −1 COatmosphericThe. 2 oceanicanbybalancedisbudget

yrPgC2aboutofsink −1 aboutofsinkterrestrialaand 1⁄2 yrPgC −1.

contribu-differentseveraldistinguishwedetail,greaterinbudgetthisspecifyTo

carbonbiosphericterrestrialandoceanictheinvolvingfluxesexchangenetthetotions

fluxexchangeoceanicnetthedivideWepp.185-193].1989a,al.,etKeeling[cf.pools

componentstwointo

Foce = Fex + Fano ,oce (4.2)

where Fex COatmosphericrisingtoresponseoceanicexpectedthedenotes 2 concentra-

andtion, Fano ,oce bycapturednotremainderarepresentingflux"anomalous"an Fex .

componentsthreeintofluxexchangebiosphericterrestrialnetthedivideWe

Fbio = F erf + Fdes + Fano ,bio (4.3)

where F erf atmosphericelevatedby("fertilized")stimulatedgrowthplantrepresents

CO2 and1740,inconcentrationthetorelativeconcentration Fdes releasetherepresents

COof 2 human-causeddestructivebiologicallytoowingbiosphereterrestrialthefrom

flux,"anomalous"Anburning.biomassanddeforestationincludingchanges,land-use

Fano ,bio identifiedpreviouslytheofeitherbyexplainednotremainderadenotes,

processes.

deconvolutionSingle4.2

COatmosphericwithbeginningprocedure,thisIn 2 A.D.fordataconcentration

response,oceanicexpectedthecomputewe195-7],pp.1989a,al.,etKeeling[cf.1740

Fex COatmosphericrisingto, 2 verticallyone-dimensionaltheusingconcentration,

oce-This[1987].OeschgerandSiegenthalerofmodelbox-diffusionoceanicresolved

coefficient,diffusionverticalabycharacterizedissubmodelanic K air-seaanand,

CO2 coefficient,exchange kam sinkoceanicanyieldsit189];p.1989a,al.,et[Keeling

COatmosphericoffunctionaas 2 estimateswithcloselyquiteagreesthatconcentration

notdoWe1989a].al.,et[Keelingmodelscirculationoceanicthree-dimensionalfrom

interannualshort-termtruetheofestimatereliableaasvariabilitytemporalitsregard

invariability Foce residetofoundisvariabilitythatofportionsubstantialAhowever.,

flux,oceanicanomalousthein Fano ,oce deconvolutiondoubletheinlater,established,
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calculation.

biosphericterrestrialexpectedthecomputealsowedeconvolution,singletheIn

response, F erf COatmosphericrisingto, 2 abycontrolledsubmodelterrestrialausing,

denotedfactor,Thisfactor.""growth βa theexpresses[1989a],al.etKeelingby

COatmosphericinincreasethewhichtodegree 2 caused1740afterconcentration

COofuptakeplantenhanced 2 toplantsofresponsegrowthlinearaasexpressed,

COincreasing 2 productionprimarynetofstimulationafromresultingconcentration

For188].p.[1989a,al.et[Keeling(NPP) βa of0.41valuetheadoptedhavewe,

long-livedbyuptakeinincreasethethatsignifying193],p.[1989a,al.,etKeeling

COinincreasefractionaltheof41%beenhascarbonbiospheric 2 whereconcentration,

yrPgC24.6betocalculatedwas1740incarbonlong-livedofNPPthe −1 (The.

ofinclusionthebyif,outputssamethealmostyieldwouldcalculationsdeconvolution

carbon,biosphericshort-lived βa torespectwith0.18ofvalueaassignedbeenhad

yrPgC56aboutbetocalculatedlattertheNPP,total −1 Keel-and[Heimann1982for

flux,land-usedestructiveThe262].)p.1989,ing, Fdes flux,anomaloustheand,

Fano ,bio calculation.thisindeterminednotare,

deconvolutionDouble4.3

schemeiterativeanviarepeatedaredeconvolutionsingletheofcalculationsThe

adjuststhat Fano ,oce sumtheand Fano ,bio + Fdes theboththatsosteptimeeachat
13C /12 COatmosphericofconcentrationandratioC 2 Thisobservations.withagree

COatmosphericglobalthereconcilesproceduredeconvolutiondouble 2 budget,

isotopes,twotheofsumthefor(4.1)equationbyexpressed 13 andC 12 simi-aandC,

isotope,raretheforequationbudgetlar 13 alone.C,

flux,exchangebiosphericterrestrialThe Fbio above,notedas(4.1),equationof,

COone-waylargetwobetweendifferencetherepresents 2 bydenoteweThesefluxes.

Fab COatmospherican, 2 COofassimilationtoowingsink 2 pho-throughplantsby

and,tosynthesis, Fba COatmospherican, 2 processesrespiratorytoowingsource

Thusmatter.vegetativeofdecayinvolving

Fbio = Fba − Fab (4.4)

sum,isotopicthetothusandgeneral,incarbontoapplyfluxesone-wayBoth 13 +C
12 forCorrespondingly,C. 13 isfluxnettheC

*Fbio = *Fba − *Fab (4.5)
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offluxesdenoteasteriskswhere 13 one-wayThealone.C 13 related,arefluxesC

forfluxesone-waythetorespectively, 13 +C 12 expressionsthebyC

*Fab α′= ab Ra Fab (4.6)

*Fba α′= ba Rb Fba (4.7)

where Ra and Rb ratiostherespectively,denote, 13C /(13C + 12 COatmosphericofC) 2

andpool,biosphericterrestrialtheincarbonofand α′ab and α′ba fixeddenote
13C /(13C + 12 factorsCorrespondingfactors.(discrimination)fractionationisotopicC)

torespectwith 13C /12 bydenotedareratiosC α sign.primethewithout

setWe αab 15.32ofdiscriminationisotopicanrepresentswhich, °/°° against 13C

and15.32/1000),-1to(i.e.,0.98468tobelow),(seephotosynthesiswithassociated

setwe αba et[Keelingcalculationsearlierwithconsistentassuming,byunity,toequal

respira-accompaniesfractionationisotopicnothat13],footnote8,Table1989a,al.,

theircomputethenWetion. α′ [cf.relationshiptheofusemakingequivalents,

261-264]pp.1989,Keeling,andHeimann

Ri = ri (Rs r/ s (4.8))

where Rs and rs therespectively,denote, 13C/(13 +C 12 andC) 13C /12 theofratiosC

Equa-pool.carbongivenanytorefersisubscripttheandPDB,standardinternational

rewrittenthenare(4.7)and(4.6)tions

*Fab α′= ab ra (Rs r/ s )Fab (4.9)

*Fba = rb (Rs r/ s )Fba (4.10)

where ra and rb denote 13C /12 torespectivelycorrespondingratiosC Ra and Rb .

COtoapply(4.10)through(4.4)equationstosimilarExpressions 2 thewithexchange

followsasoceans,

Foce = Fma − Fam (4.11)

* Fam α′= am ra (Rs r/ s )Fam (4.12)

* Fma α′= am <α′eq r> m (Rs r/ s )Fma (4.13)

where Fma COoffluxgrossone-waythedenotes 2 layersurfacewell-mixedthefrom

atmosphere,thetooceanstheof Fam andflux,reversethe Rm and rm respectively,,

the 13 (C 13C + 12 andC) 13C /12 ocean.theoflayersurfacewell-mixedtheofratiosC

symbolThe <α′eq > toequal, α′ma /α′am averageannualglobalthedenotes,
13C/(13C + 12 COofexchangeair-seaforfractionationfactorequilibriumC) 2 (The.
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symbol,simpler α′eq factorvariabletemporallyandspatiallyadenotetoreservedis,

ourofresultstheofmostexpressafterwardsweconvenience,ForII).Articleinused

(1.1),equationbydefinedratios,isotopicreducedascalculationsdeconvolutiondouble

where δa , δb and, δm denote δ13 COatmosphericofC 2 carbonandcarbon,terrestrial,

car-betweenfractionationisotopicexpressweAlso,respectively.seawater,surfacein

torespectwithtermsfractionationbypoolsbon 13C /12 expressionthebyratiosC

ε ji α= ji − (4.14)1

3Tablewhere i and j ofvalueslists3Tablepools.receiveranddonorrespectively,denote,

calcula-ourinusedratiosisotopicreducedandfactorsfractionationfixedtheofall

4Table4.TableinlistedareratiosTime-dependenttions.

thecalculations,theofmostIn 13C /12 factor,fractionationC αab (equivalently

byexpressed εab 8].Table[1989a,al.etKeeling[cf.constantbetoassumedis),

whichfactor,thisifconsequencesthediscusswebelow,5,sectioninHowever,

toallowedisphotosynthesis,duringplantsofdiscriminationisotopictherepresents

factorThevary. αam isuptake,oceanicattendingfractionationrepresentswhich,

factorassociatedTheconstant.betoassumed αma withvarytoassumedishowever,,

fractionation,equilibriumthebecausetime,withhenceandtemperature,seasurface

αeq quotienttheto(equal αma /αam below.discussedasdependent,temperatureis),

The 13C /12 forratioisotopicC F erf toequalsetisaverages,annualbyexpressed

αab ra COofthatasratiosamethe, 2 [cf.photosynthesisduringplantsbyassimilated

The262-263].p.1989,Keeling,andHeimann 13C /12 sum,thewithassociatedratioC

Fdes + Fano ,bio toequalsetis, rb storageaveragetheofaccounttakingbycomputed,

and229,p.1989a,al.,et[Keelingpoolterrestrialtheincarbonlong-livedoftime

(3)].footnote8,Table

averageglobaltheofmagnitudeThe 13C /12 COforfactorfractionationC 2 assimi-

growth,plantduringlation αab ofvaluescomputedtheaffects, δ13 theofallforC

1989,Keeling,andHeimann[seecalculationsdeconvolutiontheinfluxesbiospheric

toassignwethatvaluethe(3)),(Footnote3TableinnotedAs8].Table αab depends

differenthavingC4,andC3plants,oftypestwofromcontributionsrelativetheon

dis-havepathwaysthese5.1,subsectionindiscussedAspathways.photosynthetic

againstdiscriminationofdegreesdifferenttinctly 13 andtime,withvarymaywhichC,

possi-Thesetime.withvarymaytypesplanttwotheofcontributionrelativethealso

calculations.deconvolutiondoubleourindisregardedarevariationstemporalble
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COexchangetheofallofvaluesmonthlypredictsdeconvolutionsingleThe 2

andamountthealsoandabove,definedfluxes 13C /12 atmos-theincarbonofratioC

Thepools.carbonterrestrialandoceanic,pheric, 13C /12 COatmosphericforratiosC 2,

incalculationdeconvolutiondoubletheinitializinginutilizedthenareobtained,so

ourwithagreesvalueannualpredictedthethatsuch1740invaluethesettingby1978

above.2.3,subsectioninnotedas1978,inobservationsisotopic

COofsolubilityThe 2 constantsdissociationthegas, K 1 and K 2 acidcarbonicof

factor,fractionationisotopicequilibriumtheandseawater,in αeq offunctionsasvary,

al.etKeelingbydescribedmannertheincalculations,ourintemperatureseasurface

fromisdatatemperatureseasurfaceofsourceThe(11)].Footnote8,Table[1989a,

depen-temperaturepossibleoftakenisaccountNoE).Appendix(see[1994]Jones

bydescribedaredetailsmathematicalFurtherprocesses.biosphericterrestrialofdence

[2001].al.etBacastowbyand1995]C;Appendix[1989a,al.etKeeling

flux,land-usedestructiveThe Fdes theforonlycomputedispositive,always,

yrPgC2.0toequalsetisitdeconvolution;doubletheofperiodtime −1 averagethe,

A.12).subsectionII,Article(cf.[1999]HoughtonA.R.bygivenas1980-1989for

term,The Fano ,bio equationwithconsistentbetodifference,bycalculatedthenis,

ofcontributionsrelativeThe(4.3). F erf , Fdes and, Fano ,bio bios-netoveralltheto

flux,pheric Fbio doubletheofcomputationstheaffectslightlyonlyuncertain,though,

thebecausedeconvolution, 13C /12 same.thenearlyarefluxesthreetheforratiosC

VegetationTerrestrialbyDiscriminationIsotopic5.

photosynthesisterrestrialwithassociatedfractionationIsotopic5.1

discrimi-isotopicanproducesplantsterrestrialofpathwayphotosyntheticC3The

18aboutofvaluetypicalawithnation °/°° thetorelative 13C /12 atmosphericofratioC

CO2 1989].al.,et[Farquharmilperseveralofspeciesdifferentforrangeaand,

thewithplants(NPP),productionprimarynetofmostforaccountplantsC3Although

aboutonlyofdiscriminationawithNPPglobalof20%aboutcontributepathwayC4

4°/°° factor,fractionationaverageglobaltheConsequently,1989].al.,[Farquhar αab ,

alone.plantsC3forthanlessisabove,4,sectionindefined

estimateTo αab plantsC3fordiscriminationaadoptedwe3,Tableinlistedas,

17.8of °/°° 3.6ofplantsC4forand, °/°° We[1994].FarquharandLloydbyreportedas,

indefinedzones,geographicselectedforplantsC4andC3forNPPcomputedthen

typesprescribesthat1996]al.,et[HuntmapvegetationaofusemadeWeII.Article
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ofpointgrideachForlongitude.andlatitudeofdegree1ofresolutionaatbiomesof

ofusemakesthatmethodabyII,Articleindescribedascomputed,wasNPPmap,the

reliablewhichforperiodonlythe1982-1990,fromdata,radiometricsensedremotely

5TableresultingThe5.TableinlistedareaveragesZonalavailable.weredataradiometric

lead-17.44%,betofoundisplantsC4bycontributedNPPoffractionaverageglobal

15.32ofcombinedplantsC4andC3fordiscriminationaverageglobalatoing °/°° as,

6TableofcalculationThis(4.7).equationafterquotedpreviouslyand6Tableinindicated

temporalorsubzonal-scaleaccountintotakenotdoesdiscriminationaverageglobal

dis-wethatissuesC4,andC3types,plantseparatetheofdiscriminationinvariability

next.cuss

17.8fromrangetheinvariesdiscriminationhemisphere,northerntheFor °/°° at

14.0tolatitudes,high °/°° variesNPPoffractionC4theas6),(Tabletropicsthein

C3toowingmainlyisNPPwherezones,extratropicaltwotheFor27%.to0from

1.8isdiscriminationplants, °/°° atmos-ofcovariancethefrominferredthatthanless

COpheric 2 ratio,isotopicandconcentration 13∆cov hemispherenorthernforobserved,

1.3A2.Tableinlistedasstations °/°° notismidlatitudestohighfromgradient

inscattertoowingprobablyislackThishowever.data,covariancetheinobserved
13∆cov bycovarianceinvariabilitylocalofsuppressionandstationsindividualfor

mixing.atmospheric

oninfluenceoceanicsubstantialoflikelihoodthesouth,fartherandtropicstheIn
13∆cov stationourfromdiscriminationplantofestimatesreliableobtainingprecludes

ofsouthplantsC3ofdiscriminationthethatassumetoreasonableprobablyisItdata.

discrimina-ofeffectthethatandtropics,theofnorthassamethenearlyistropicsthe

calcu-ourinfluencetovariabilityzonalitsofneglectforsmalltooisplantsC4oftion

hemisphere,mid-southernandtropicsthefor6TableinquotedaveragesThelations.

ourbycorroboratedbecannothowever, 13∆cov data.

seriousabetolikelymoreisplantsC3ofdiscriminationinvariabilityTemporal

expectedisvariabilitySuchvariability.spatialthancomputationsourinneglect

plantofconductancestomatalwithvariesdiscriminationisotopicofdegreethebecause

reducingclose,totendstomataplantwater,adequateoflackbystressedWhenleaves.

COofsitesprimarytheatoccurcanthatfractionationisotopiccarbonthe 2 fixation

invariabilityinterannualofEvidence1994].Farquhar,and[Lloydleavesthewithin

9Figureofforestsconiferinsitestwofor9,FigureinshownisdiscriminationplantC3

(53borealoneAmerica,Northwestern ° (46temperateothertheN.) ° theseAtN.).

determinedhaveweapart,km850aboutarewhichsites, δ13CI boun-nocturnalthein

COmeasuringbyyears14ofspanaoverlayerdary 2 flaskfromlaboratoryourin
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ofaverageThecycle.diurnaltheoverrepeatedlycollectedairofsamples δ13CI deter-

-25.7sites,thesefor1990’stheinmined °/°° 17.8ofdiscriminationareflects, °/°° in,

sug-[1994],FarquharandLloydofplantsC3foraverageglobalthewithagreement

theForAmerica.Northextratropicalofrepresentativearesitesthesethatgesting

9),Figurein(squaressitesouthernaridmore δ13CI thanaverageonnegativelessis

ofyears14overvariabilitytemporalofrangeawith(circles),sitenorthernthefor

2.5about °/°° theforrangethewhereasstress,watervariableandsignificantsuggesting,

1thanlessissitenorthernstressedless °/°° ofmuchaffectsstresswatervariableSince.

1ofvariationtemporalaverageglobalavegetation,world’sthe °/°° seemsmoreor

study.limitedthisofbasistheonlikely

ofplotsTime δ13CI COatmosphericnorthernourfor 2 which8),(Figurestations

COatmosphericofcycleseasonalthereflect 2 et[Kaminskiregionslargeoveraveraged

discrimination,invariabilitytemporalscalelargesignificantsuggestalso1996],al.,
13∆cov seasonal-greatesttheshowwhichnorth,fartheinstationshand,othertheOn.

COatmosphericinity 2 ofestimatesannualprecisemosttheyieldandconcentration,
13∆cov thethatsuggestingelsewhere,thanvariabilityinterannuallessshow2),(Table

ofaveragetheAlso,error.statisticalofartifactanpartlybemayelsewherevariability
13∆cov 19.6, °/°° statisticallyishemispherenortherntheinstationsallfor2),(Table

C3for[1994]FarquharandLloydofaverageglobalthethangreatersignificantly

determina-theinprocessesotherfromvariabilityspuriousslightlyasuggestingplants,

oftion 13∆cov in-phasenearlyaorsignal,seasonaloceanicout-of-phaseanassuch,

COthewhichforemissions,fuelfossilinseasonality 2 nega-moreahasaverage,on,

tive δ13C COaveragethethan 2 plants.C3from

ofcalculationsourtoweightgreatergiveweabove,4,sectionindiscussedAs

δ13CI Atdata.earlierinthanerrorsstandardandscatterlowerofbecause1991after

hascycleseasonalthewhereBarrow,PointandAlertnorth,fartheinstationstwothe

fluxes,biosphericbycausedexclusivelyalmostisandamplitudehigh δ13CI varies

1aboutonlyby1991after °/°° sta-Atdata.theinscatteraveragethethanmorelittle,

COofcyclesseasonalsubstantialpossessalsothatsouthfarthertions 2 mainlycaused

inrangeashowKumukahiCapeandJollaLafluxes,biologicalby δ13CI 2aboutof °/°° ,

3aboutLoaMauna °/°° signature,isotopictheofestimatesoursummary,In. δ13CI in,

bydiscriminationisotopicinvariabilityinterannualindicateextratropicsnorthernthe

2ofordertheofplantsland °/°° atmosphericofcyclesseasonalanddiurnaltheBoth.

CO2 espe-stress,climatevariablewithassociationanofevidenceisotopicsomeshow

cycle.no˜NiElthewithcorrelationincially
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thatnoteweinformation,usefulmuchaddnotdosouthfartherstationsAlthough

δ13CI Thisevents.no˜NiElduringnegativemoreconsistentlyisPoleSouththefor

mayplants,bydiscriminationvariableofreflectionapossiblyalthoughassociation,

interannualfromseparatetodifficultissignalseasonalsmallverythebecausearise

andconcentrationbothforeventsno˜NiElwithcorrelatedstronglyisthatvariability
13C /12 maytime-scalestwotheoncorrectlyvariationsdistinguishtoFailureratio.C

ofcorrelationfalseaproducedhave δ13CI events.no˜NiElwith

ofcycleseasonalthetoslightlyonlycontributesvegetationtropicalBecause

COatmospheric 2 our, δ13CI grow-plantsC3ofdiscriminationthereflectmainlydata

considertoneglectourthatsuggestdataThesezones.borealandtemperatetheining

COcomputinginzones,extratropicaltheseindiscriminationvariable 2 dou-byfluxes

overdeter-anthanratherunderdetermination,antoledhavecoulddeconvolution,ble

asflux,exchangebiosphericglobaltheinfluctuationsofamplitudetheofmination,

whetherdeterminetodatalackwetropicstheInbelow.5.2,subsectionindiscussed

occurred.hasdiscriminationvariable

discriminationisotopicinVariability5.2

isotope,raretheagainstdiscriminationvariablehowexamineTo 13 landbyC,

flux,exchangebiosphericnettheaffectmayplants Fbio doubleourincalculatedas,

establishto(3.2)equationadditivityisotopictheinvokeweprocedure,deconvolution

inshiftthe δ13 COatmosphericofC 2 COatmosphericwhenplacetakesthat 2 is

assum-1)(CaseshiftthisestablishfirstWebiosphere.terrestrialthewithexchanged

attendingdiscriminationisotopicthatcalculations,deconvolutiondoubleourinasing,

photosynthesis, αab shiftthecomputewe2),(CasecomparisonforThen,constant.is,

reverseandforwardthei.e.exchange,netnoisthereandvariesdiscriminationthisif

fluxes Fab and Fba shiftthecomputewe3)(CaseLastly,equal.are(4.4)equationof

vary.plantsC4andC3toowingphotosynthesisofproportionstheif

flux,netthe(4.7),to(4.4)equationsbyexpressedAs Fbio itsand, 13 equivalent,C

*Fbio fluxes,one-waylargermuchbetweendifferencesdenote, Fab , Fba and * Fab ,
* Fba flux,respiratorythenoted,previouslyAsrespectively., Fba havetoassumedis,

(fractionationno α′ba Fluxunity).of(4.7)equationof Fab assimi-representswhich,

COoflation 2 byexpressedfractionation,exhibitsphotosynthesis,throughplantsby

factor,the α′ab thatpossibilitytheconsidernowWe. α′ab eithertemporally,varies

ofproportionsthevaryingbyordirectly, Fab whichplantsC4andC3bycontributed

differ-smallthedisregardalsoWediscrimination.ofdegreesdifferentdistinctlyhave

betweenence α′ab and αab lattertheadoptand263],p.1989,Keeling,and[Heimann
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expressions.subsequentin

forrelationsthe(4.5)equationinSubstituting *Fab and *Fba equa-bygivenas,

nettheforobtainwe(4.10),and(4.9)tions 13 flux:C

*Fbio = (rb Fba α− ab ra Fab )(Rs r/ s (5.1))

biosphere,terrestrialtheforstatesteadychemicalhypotheticaladefineweproceedTo

bothforgloballybalancerespirationandassimilationwhichin 12 andC 13 thisAtC.

state,steady Fba equals Fab and, Fbio and *Fbio Hence,zero.bothare

rb α= ab ra (5.2)

thethereforeand 13C /12 ofratiosC Fab and Fba thetoequalbothare 13C /12 ofratioC

pool,carbonbiosphericterrestrialthe rb .

Let δa and δb ratios,isotopicreducedtherespectively,denote δ13 atmos-ofC,

COpheric 2 ofdefinitiontheFrom3).Table(cf.biosphereterrestrialtheincarbonand

δ13 (1.1))equation(seeC

ri = (δi + 1)rs (5.3)

where i Replacingb.oraeitherforstands ra and rb toaccording(5.2)equationin

replacing(5.3), αab by εab iso-therearranging,and(4.14),equationtoaccording1,+

thatsuchisnotation,milperinexpressedcondition,statesteadytopic

δb δ− a ε= ab (5.4)

terms,ordersecondofproducta(diregarding εab δa ).

initialanthatassumeusletconsideration,undercasesthreetheofeachFor

fluxesone-waytheineitherimbalanceabruptanbydisplacedisstatesteady Fab and

Fba one-waytheinonlyorisotopes,bothtopertainwhich, 13 fluxes,C * Fab and
* Fba newatoapproachsubsequentadisregardwesimplicity,forcase,eachIn.

inchangeainvolvingstatesteady δb Thus,pool.carbonbiosphericterrestrialtheof

inshiftpossiblemaximumthecomputewe δa displacementspecifiedatoresponsein

state.steadyfrom

Let Nao COofamountthedenote 2 andatmosphere,thein δao and δbo denote δa

and δb thethat(5.4)equationfromfollowsItstate.steadyinitialtheatrespectively,,

bothofratiosisotopicreduced Fab and Fba toequalare δbo forPgC747.6adoptWe.

Nao COaonbased3),Table(see 2 Table(see1990forppm,352.2ofconcentration

Incalculations.deconvolutionourofmidpointtheapproximatelyD),AppendixinD.1
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insummarizeddiscrimination,isotopicaverageglobalofanalysisourwithaccord

6,Table εab 15.32= °/°° .

Let ∆Fbio one-waytheofeitherofdepartureabruptandenote(4.4))equation(cf.

fluxes, Fba or Fab thuscombined,bothinor,

∆Fbio = Fba − Fab (5.5)

Both Fba and Fab isotopicreducedhavetoinitiallyassumedareabove,notedas,

toequalratios δbo departurethethatassumingand(3.2),equationwithaccordIn.

time-interval,aforcontinuedhasstatesteadyfrom ∆T significantcausetoshorttoo,

ratiosisotopictheseinchanges

Nao δao ∆+ Fbio ∆T δbo = (Nao ∆+ Fbio ∆T )(δao ∆δ+ a (5.6))

where ∆δa theinshiftthedenotes 13C /12 COatmosphericofratioC 2 dis-thetoowing

forSolvingstate.steadyfromplacement ∆δa with δbo δ− ao byreplaced εab which,

withand(5.4),equationtoaccordingtime-invariant,is ∆Fbo ∆ N<<T a

∆δa ε= ab ∆Fbio ∆ N/T ao (5.7)

= (−0.0205 °/°° )∆Fbio ∆T (5.8)

yrPgC1aThus, −1 COoffluxnet 2 foractingatmosphere,thetobiospherethefrom

(year,one ∆Fbio ∆T thedecreases1)= δ13 COatmosphericofC 2 0.0205by °/°° an,

increasesfluxopposite δ13 product,(Theamount.samethebyC εab
. ∆Fbio represents

forpools,carbonatmosphericandterrestrialthebetween("isoflux")fluxisotopican

15.32toequalexamplethis °/°° yrPgC −1.)

let2CaseFor ∆εab flux,one-wayfullthefordiscriminationinshiftadenote

Fab inchangenowith, δ13 flux,returntheofC Fba inas(3.2)equationInvoking.

COofsubtractionandadditionbothtorespectwithbut1,Case 2 biosphericby

exchange:

Nao δao + Fba ∆T δbo − Fab ∆T (δbo +∆εab ) = Nao (δao ∆δ+ a (5.9))

forSolving ∆δa with Fab = Fba :

∆δa −∆ε= ab Fab ∆ N/T ao (5.10)

With Fab yrPgC61.3NPP,globalofestimateourtoequalset −1 and5),Table(see

∆εab 1toexample,anasset, °/°° shift,isotopicanobtainwe, ∆δa 0.082of, °/°° onein

example,thisforisoflux(The1.Caseinevaluatedthattimesfouryear, ∆εab
. Fab is,

61.3°/°° yrPgC −1 inonlyoccurshould2CaseindiscriminationinchangetheifEven).
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bios-ofcorrelationtheofmostthatindicatesanalysisregionalourwheretropics,the

1aII),Article(seeoccurseventsno˜NiElwithfluxpheric °/°° discriminationinchange

yrPgC32.8ofNPPestimatedantorespect(with −1 shiftacausewould5)Tablesee,

0.044of °/°° COofPgC1oftransferaforthattwicethanmore, 2 fromortoyearonein

1.Casetoaccordingatmospherethe

plants,C4byassimilationofproportiontheinoccurschangea3,CaseFor

dise-Thecombined.plantsC4andC3torespectwithfluxestheinchangeawithout

andC3forseparatelyappliedisitthatexcept1Casetoequivalentisfluxquilibrium

equalarefluxesbiosphericnetinchangesthethatconditionaddedthewithplantsC4

bychangesmutualtheDenotingplants.C4andC3foroppositeand ∆Fb forpositive,

(5.7))equation(cf.atmospherethetofluxC3netincreasing

∆δa = (3εab − 4εab ) ∆Fb ∆ N/T ao (5.11)

= (−0.019 °/°° ) ∆Fb ∆T (5.12)

plants,C4andC3forfactorsfractionationthedistinguish4and3superscriptswhere

(17.8respectively °/°° 3.6and °/°° flux,disequilibriumA6).Tablesee, ∆Fb PgC1of,

yr−1 shift,isotopicsamethealmostcauses ∆δa yrPgC1aas, −1 orNPPinchange

aofsubstitutionthebecauseanticipatedbecouldthatresulta1,Caseinrespiration

theoneffectsamethealmosthasfluxC3aforfluxC4 13C /12 COatmosphericofC 2

flux,netoveralltheindiminutionaas Fbio .

thatplantsbydiscriminationisotopicindifferencessmallrelativelytheGiven

theinsignalscausemay 13C /12 COatmosphericofratioC 2 calcula-thesebyshown

aresignalsthesethatdeconvolutiondoubleainassumetounrealisticbemayittions,

Vari-fixed.discriminationisotopicwithfluxbiosphericinvariationsbysolelycaused

1ofordertheofdiscriminationinations °/°° ordiscriminationinchangesfromeither,

frac-significantaarethatsignalsproducecanplants,C4toowingNPPoffractionthe

COnetvaryingfromthoseoftion 2 thediscusswebelow,7sectionInexchange.

findings.theseoflighttheindataourofinterpretation

COGlobal6. 2 Fluxes

calculationsdeconvolutionbyDeduced6.1

byexpressedbudget,cyclecarbonatmosphericglobaltheoftermstheofPlots

10Figureinappearingtermssubordinatewithtogether10Figureinshownare(4.1),equation

COindustrialofratetheshownareaPanelIn4.3).and(4.2equations 2 emissions,
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Find concentration,atmosphericinchangeofratetheandcurve)(upper, dNa /dt (mid-,

describedproceduredeconvolutionsinglethetoinputsasservethattermscurve),dle

difference,Their4.2.subsectionin Fbio + Foce combinedaconstitutescurve)(lower,

COindustrialofsinkoceanicandbiosphericterrestrial 2 issinkthisbPanelIn.

components,oceanicandbiosphericintoseparated Fbio curve),(thick Foce (thin

indescribedproceduredeconvolutiondoublethebydeterminedasrespectively,curve),

fluxes:threeintodividedshowniscomponentbiosphericthecPanelIn4.3.section

F erf "COa, 2 tobiosphereterrestrialtheofresponsetherepresentingsink,"fertilization

COatmosphericincreasing 2 source,""land-useconstantassumedanconcentration,

Fdes yrPgC2.0of, −1 COterrestrialofreleasehuman-inducedrepresenting 2 anand,

flux,"biospheric"anomalous Fano ,bio naturalfrommainlyresulttopresumedisthat,

distur-humaninvariabilityreflectalsomayitalthoughcycle,carbontheinvariability

byforaccountednotbances F erf and Fdes iscomponentoceanicthedPanelIn.

atmosphericincreasingtoresponseasink,""uptakeoceanicanintodividedshown

CO2, Fex flux,"oceanic"anomalousanand, Fano ,oce naturalofentirely,ormainly,,

origin.

budgetcyclecarbontheoftermstheseofstrengthsaveragetheaddressfirstWe

7TabletheforbandaPanelsinplottedtermstheofaverages7,TableinshownAsequation.

yrPgC0.2withinagree1980’s −1 Intergo-thebyreportedfluxescorrespondingwith

UnitedthetoReportAssessmentSecondtheirinChangeClimateonPanelvernmental

AssessmentThirdainslightlyonlyaltered79],page2.1,Table1996,([IPCC,Nations

with1990’stheforclosealsoisAgreement208]).P.303,Table2001,[IPCC,Report

COatmospherictorespect 2 COfuelfossilofemissionsandincrease 2 afindwebut,

COatmosphericofuptakeoceaniclargersubstantially 2 yrPgC0.7(by −1 thethan)

yrPgC0.6(byuptakebiosphericsmalleraandIPCC −1 aredisagreementsThese).

esti-budgetIPCCtheofmagnitudeabsolutetheinuncertaintyofrangethewithin

relativethethatlargesoisrangethisbutconfidence,90%atexpressedwhenmates

COindustrialremovinginbiosphereterrestrialandoceanstheofimportance 2 thefrom

reliably.determinedbeyetcannotevidentlyair

COatmospherictheinvariabilityrevealalsodescribedjustestimatesfluxThe 2

atmos-thatfindweIPCCthewithagreementIntime-scale.decadaltheonbudget

COpheric 2 anofspitein1990’sand1980’stheinratesamethenearlyatrose

COinincrease 2 yrPgC0.9ofcombustionfuelfossilfromemissions −1 These.

bystatedasmagnitudes,absoluteinuncertaintybecauseestablished,wellarechanges

fromappreciablychangedon’tthatbiasesreflectdegreeconsiderableatoIPCC,the

next.thetodecadeone
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CObiosphericterrestrialandoceanictheinchangesdecadalofEstimates 2

aonrelyingbysinkoceanicincreasedanfindWecertain.lessarefluxesexchange

changingofaccounttakesthatcalculationdeconvolutiondouble δ13 dataonbasedC,

calcula-Themeasurement.andsamplingbothofproceduresconsistentusingacquired

terrestrialglobalhowregardingassumptionsmodeltohowever,sensitive,aretions

atmos-changingbyinducedperturbationstorespondreservoirsoceanicandbiospheric

COpheric 2 sinkoceanicreducedafoundReportAssessmentThirdtheirinIPCCThe.

Otheinshiftainterpretingby 2 /N2 1980’stheinmeasuredasatmospheretheinratio

The1990’s.theinmeasurementsdirectwithcomparedsamplesairarchivedfrom

unknownsometouncertaintycontributesdecadetodecadefromsourcedatainchange

established,fullyyetnotuncertaintymodelingtosubjectareresultstheanddegree,

arethatoxygen,ofoutgassingassuchcycle,carbonoceanictheofaspectsofbecause

decidetoconfidencegreatanywithpossiblenotisitThusunderstood.fullynot

assink,biosphericterrestrialincreasinganandsinkoceanicdiminishingawhether

Anreverse.thefindingourthancorrectbetolikelymoreareIPCC,thebyreported

thethatishowever,qualitatively,agreeweandIPCCthewhichonfindingimportant

1990’s.theto1980’sthefromincreasedfluxbiosphericterrestrial

(4.1),equationbudgettheoffluxestheinvariationsinterannualtermShorter

study.ourofinterestprincipalaare208-210],pp.[2001,IPCCthebysummarized

COatmosphericinchangeofratetheinvariationsSuch 2 concentration, dNa /dt and,

COindustrialin 2 emissions, Find Panel10,Figureofcurvesuppertwothebyshown,

(cf.observationsatmosphericourfromderivedformerthedetermined,wellbotharea,

datastatisticalinternationalsamethe[2000],al.etAndresfromlatterthe7),Figure

toequaldifference,theirinVariationsIPCC.byused Foce + Fbio alsothereforeare,

7.3,subsectionindiscussedasvalue,averagedecadaltheiris(Sodetermined.well

Panel10,Figureincurve(lowersinkterrestrialandoceaniccombinedThisbelow).

inchangetheasvariabilityofpatterninterannualsamethenearlyhasindeed,a),

COatmospheric 2 concentration, dNa /dt COindustrialglobalbecause, 2 emissions, Find ,

inmaximaarenotableMostyear.toyearfromslightlyonlyvary Foce + Fbio toclose

andoceanicbothofcouplingasuggestingbars,grayverticalbyshowntime-intervals

no˜NiEloftenperiods,warmaveragegloballywithcomponentscyclecarbonterrestrial

above.2.2,sectionindiscussedasevents,

invariationsofpatternoscillatoryThe Fbio similarsoisphasing,itsespecially,

ofthatto dNa /dt and Foce + Fbio exchange,biosphericthat, Fbio representtoappears,

invariabilityinterannualshort-termofcausepredominantthe dNa /dt calculatedThe.

influctuationsprominenttheofamplitudes Fbio thoseexceedsubstantiallyhowever,,
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in dNa /dt fluxes.biosphericandoceanictheinpatternsopposinginresulting,

mixingverticaloceanictoresultsofSensitivity6.2

time-scaleslongondifferthatresultsyieldcomputationsdeconvolutionDouble

becausesubmodel,oceanictheinspecifiedmixingverticalofdegreetheondepending

COofexchangeoceanicthe 2 toactscenturiesanddecadesoveratmospherethewith

air-seathereduce 13C /12 degreetheondependsthatrateaatdisequilibriumisotopicC

onresultsofdependencyaalsoisThere2001].al.,et[Bacastowmixingverticalof

COofexchangeair-seaofratespecifiedthe 2 incarbonoftimestoragespecifiedand

ofindependentnotaredependenciestwolastthesebutpool,biosphericterrestrialthe

biosphereterrestrialtheofsumthebecausedeconvolution,doubletheinothereach

equation.budgetglobalthebysolelydeterminedisfluxesoceanicand

time-longondependenciesmodelthesewithassociateduncertaintiestheDespite

inuncertaintiestoinsensitivebetoshownbecanproceduredeconvolutionthescales,

illus-as2001],al.,et[Bacastowtime-scalesshortonparameterssubmodeloceanicthe

11Figurecoefficient,diffusionoceanictheChanging11.Figureintrated K doublethein,

uptake,oceanicthecausesa),(Paneldeconvolution Fex ainasapproximatelydifferto,

specifiesuniquelysubmodeloceanicthewhichincomputationdeconvolutionsingle

flux,anomalousthecontrast,Inuptake.this Fano ,oce slowabyaffectedonlyis,

differ-ofeffectthereflectingcomputations,sensitivitybetweendiscrepancyinincrease

withcarbonoceanicofdisequilibriumisotopictheonmixingverticalofdegreesing

COatmospheric 2 uncer-ofrangeitswithincoefficientexchangeair-seatheVarying.

eitheroneffectlittlehastainty Fex or Fano ,oce b).(Panel

appre-however,extend,notdoesshort-termtheonsubmodelstoinsensitivityThe

ofaveragesdecadalcalculatedTheevents.no˜NiEloftime-scalethebeyondciably

Fex andnegative,lessbecomes Fano ,oce whenpositive,more K theForreduced.is

COoceanicfulltherepresentingsum,their1990’s 2 PgC-2.36fromdiminishesuptake,

yr−1 (for K m7685of 2 yr−1 yrPgC-0.82to7),Tablecf., −1 (for K m2000of 2 yr−1).

COoceaniccalculatedThe 2 ofvalueanyforuptake, K considered,havewethat

asdiminishesalsoincreasethisbut1990’s,theto1980’sthefromincreases K is

yrPgC0.362fromreduced: −1 highestthefor K yrPgC0.001toconsidered, −1 thefor

(adeconvolutionsinglethebyfoundisdiminutiontheofhalfaboutOnlylowest.

inchangedecadaldecreased Fex yrPgC0.251from −1 yrPgC0.113to −1 restthe),

oceaniccalculatedinrangebroadThisdeconvolution.doublethewithassociated

asuptake, K deconvolutiondoubleorsingletheeitherofinabilitytherevealsvaries,

doesbutsubmodel,oceanicprovenaofindependentlyvariabilitydecadalprescribeto
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Thirdtheinreportedas1990’stheto1980’sthefromsinkdecreasingasupportnot

IPCC.ofReportAssessment

ofaveragesdecadalthesummary,In Fbio and Foce are7,Tableinlistedas,

procedure.deconvolutiontheinusedsubmodeloceanicofchoicetheondependent

fluxes,anomaloustheinvariabilityinterannualshort-termThe Fano ,bio and Fano ,oce ,

COthebyprescribedcloselyishowever, 2 discrim-isotopicthatprovidedobservations,

below.7,sectionindiscussedasspecified,correctlyisination

FluxesDeducedofReliability7.

Introduction7.1

oceanicandterrestrialaverageglobaltheregardingfindingsourdiscussingBefore

fluxes, Fbio and Foce exam-bewillcalculationtheirinerrorspossibleofextentthe,

time-scales.severalonresultsourinuncertaintyaddressWeined.

errorsstatisticalofAnalysis7.2

inerrorsStatistical Fbio and Foce scatterbycontributedaretime-scales,shorton,

andconcentrationbothfordatathein 13C /12 oferrorsstandardbyexpressedratio,C

errorsThese3.Figureinshowncurvessplinethetoobservationsindividualoffitthe

0.02andppm0.15fromrange °/°° 0.07andppm1.1toPoleSouththeat °/°° Pointat

yrPgC0.5ofordertheoferrorsinresultandD.3),Table(seeAlaskaBarrow, −1 with

torespect Fbio and Foce althoughThus,6.2.subsectionII,Articleindiscussedas,

short-largeoffindingourchallengetoenoughlargenotareerrorsthesesignificant,

severaloforderthe(offluxesoceanicandbiosphericinfluctuationsinterannualterm

yrPgC −1 isfluxestheseofcalculationthewhetherisissueimportantmoreA).

time-scales.allonpossibleiswhicherrors,systematicbyaffected

errorssystematicpossibleofAnalysis7.3

pro-deconvolutiondoublethewithassociatederrorspossiblediscussfirstWe

andconcentrationthefordatasimultaneousfromfluxesdeduceswhichcedure 13C /12C

COatmosphericofratio 2 6.2(subsectiondiscussionearlierourtoaddthusWe.

dis-wesubsectionsucceedingtheInscale.decadal-timetheonuncertaintiesofabove)

ENSOtheofthatapproximatelytime-scale,interannualshort-termtheonerrorscuss

above)2.2subsection(cf.cycle
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ofstrengthsrelativethededuceTo Fbio and Foce thetoresponsesincludewhich,

deconvolu-doubleinversesametheofusemadehavewefuels,fossilofcombustion

however,Previously,1995].[1989a,al.etKeelingbypreviouslyusedproceduretion

tosimilarcalculated,werefluxesanomalousonly Fano ,bio and Fano ,oce Fig-inplotted,

bydenotedfluxes,netfullHere,d.andcPanels10,ure Fbio and Foce calcu-alsoare,

theabove,6.2subsectioninoutpointedAsb.Panel10,Figureinplottedaslated,

correctnesstheondependsfluxestheseofmagnitudeaveragededucedtheofvalidity

procedure.deconvolutiontheinusedsubmodeloceanictheof

doublethethatappearmayitalthough[2001],al.etBacastowbyexplainedAs

anyoncorrectlydeterminedbetofluxoceanicnettheallowshoulddeconvolution

istime-scales,shortonexceptcalculation,the1998],Bruno,andJoos[cf.time-scale

Consequently,11.Figureinshownresultsthebydemonstratedasill-conditioned,

varia-interannualshort-termtheofunderstandingantocontributesstudyouralthough

variabil-decadalresolvenotdoesitdecades,twoovercyclecarbonglobaltheofbility

CO"missingso-calledtheandity 2 pp.47,p.2000,Schimel,and[Wigleyissuesink"

COforsinkglobalimportantanisbiosphereterrestrialthewhethertoas54-150] 2 pro-

oceanicandbiosphericnetestimatedOurfuels.fossilofcombustionthebyduced

[IPCC,1980’stheforreportedIPCCtheofthosewithagree1980’stheforfluxes

nearlypredictedthatsubmodelsoceanicusedstudiesbothbecause7)Table(see1996]

COofuptakeoceanicsamethe 2 ofdataoceaniconrelyingbycombustion,from

radiocarbon, 14 COofuptakeoceanicofdegreecalculatedtheonconstraintaasC, 2.

because1990’stheforIPCCtheofthosewithdisagreefluxestheseofestimatesOur

thewhilebefore,assubmodeloceanicsameandconstraintisotopicsametheusewe

OonbasediscalculationIPCC 2 /N2 oceanictheofestimateanprovidewhichdata

206].p.2001,[IPCC,submodeloceanicofchoicetheofindependentnearlyflux

COatmosphericglobaltheofcomponentsprincipalThe 2 withknownarebudget

confidence,90%at7)(TableIPCCthebyestimatedAsuncertainties.varyingwidely

COatmosphericofincreaseofratethewithassociatederrorsindependentthe 2 (±0.20

yrPgC −1 COindustrialand) 2 (emissions ± yrPgC0.50 −1 inerrorthethatsmallsoare)

flux,biosphericoceanic-terrestrialcombinedthe Foce + Fbio onlytouncertainis,

± yrPgC0.54 −1 ter-andoceanicseparatetheforerrorsThequadrature).by(calculated

fromdeterminedWhenlarger.substantiallyarealonefluxesbiosphericrestrial

forerrorthecomponents,threeforerrorsseparate Fbio is ± yrPgC1.9 −1 largeaSuch.

ofpoolsdiversemanyforgloballyassembledbemustdatasincesurprisingnotiserror

forerrorlowersubstantiallyAcarbon. Fbio , ± yrPgC0.9 −1 deter-whenobtainedis,

ofestimatessubtractingbymined Foce sumthefrom Foce + Fbio theofapproachthe,
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ofuptakeoceanicofestimatespreciseobtaininginvaluetheunderscoringIPCC,

COatmospheric 2 ter-theofaverageglobalthedeterminingtoapproachindirectanas

flux,biosphericrestrial Fbio below.8.3,subsectioninfurtherdiscussedas,

time-scalesshortonfluxesinuncertaintySystematic7.4

COoceanicandterrestrialtheBoth 2 COatmosphericourfrominferredfluxes 2

Elduringevidentmosttemperature,fluctuatingwithassociationdistinctashowdata

COatmosphericofconcentrationthewheneventsno˜Ni 2 Thisrapidly.mostrisenhas

byattendedareeventsthesebecausesurprisingnotiscycleENSOthewithassociation

theandatmospherethebothofcirculationandtemperaturetheinchangespronounced

phas-theThuspools.carbonoceanicandterrestrialglobaltheaffecttolikelyoceans

explain,todifficultnotaredataatmosphericourinseenfluctuationslargetheofing

COofsinksoceanicandreleasesterrestrialopposinglargeoffindingourbut 2 phased

ourthatgroundstheonchallengedbeenhascycleENSOthewith 13C /12 dataC

specificallyerrors,systematicsubstantialcontain1989a]al.,et[Keeling1988through

fluctua-isotopicsmallonlyshowingmeasurementsotherwithagreenotdotheythat

1987-8and1982-3ineventsno˜NiElstrongthewithassociationlittlewithtions

1995].al.,et[Francey

strongnotwere1994,and1992inevents,no˜NiElsucceedingtwoAlthough

forshowdataourthatfluctuationslargetheofplausibilitythesubstantiatetoenough

ofratethewhichfor1997-8,ineventno˜NiElanfordatapossessnowwe1980’s,the

inchange 13C /12 theforaslargeasamplitudeanwithfluctuated7)Figure(seeratioC

fluctuationswereasfluctuation,thisFurthermore,1987-8.and1982-3ineventsstrong

instationeveryforseparatelyseenis1987-8,and1982-3ofeventsno˜NiElthefor

couldthatcircumstanceonlythethattherefore,argue,We4).Figure(seearrayour

ofmiscalibrationgrossbewouldeventstheseofthreeallforsignalserroneoustolead

vari-falseintroducedthatC)Appendix(seelaboratoriestwoofmass-spectrometersthe

event.eachwithsynchronousations,

sys-ofsourcelikelymoreaout,ruledbecannoterrorscalibratingAlthough

submo-oceanicorbiosphericterrestrialtheeitherinshortcomingsomeiserrortematic

thatassumptionourispossibilitylikelyAprocedure.deconvolutiondoubletheofdel

indiscussedAsconstant.islandonphotosynthesisattendingdiscriminationisotopic

varia-ofneglecttosensitivearefluxbiosphericofcalculationsourabove,5,section

1assmallasdiscriminationintions °/°° tropicalformagnitudethisofdecreaseA.

doubleourbyinterpretedbewouldeventsno˜NiElduringwholeaasvegetation

ofeventsstrongtheforinferredfluctuationstheindiminutionaasdeconvolution
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inferredfluxoceanicopposingtheeliminatetosufficient1997-8,and1987-8,1982-3,

droughtTropicalplausible.isdiscriminationindecreaseaSuchcalculations.ourin

netcausingplantsinstresscausetoexpectedareeventsno˜NiElattendingheatand

COatmosphericanddecreaseto(NPP)productionprimary 2 asanomalouslyriseto

indecreasepresumedthisaccompaniesdiscriminationindecreaseaPerhapsobserved.

timing.theirbydistinguishedbecannoteffectstwothethatsuchNPP,

bios-terrestrialofassociationtheofmostthatevidencepresentweIIArticleIn

COoceanicandpheric 2 zone.tropicaltheinproducediseventswarmingwithfluxes

thereforefactorsclimaticinvariationswithfluctuationsinferredtheseofCorrelations

whichinplantsofactivitymetabolicthetoforcingclimateofrelationareflectshould

becannotfluctuationstheofmagnitudestheifevendeterminedwellisphasingthe

relation-theintoinsightgainmaythusWealone.dataatmosphericfromestablished

discrim-variableofextenttheknowingyetwithoutclimatetocyclecarbontheofship

IV.Articleindiscussedasplants,tropicalbyination

Discussion8.

Introduction8.1

22fulltheoverthenandtime-scaleENSOtheonresultsourdiscussfirstWe

determininginerrorsreducetowayspossiblediscussthenWestudy.ourofyears

future.theinfluxesexchange

cyclecarbonglobaltheinvariabilityShort-term8.2

ofstrengththewithfluxesexchangeinfluctuationsofmagnitudethecompareTo

trackswhich(SOI),indexoscillationsoutherntheismeasureusefulaevents,no˜NiEl

theacrossdifferencepressurebarometricsurfacetheinreflectedascycleENSOthe

ofperiodtheForAustralia.Darwin,toTahitifromoceanPacificwesternandcentral

timesthenearoccurredSOIinfluctuationspronouncedmostthe1978-1999,study,our

"1983,"ofevents(henceforth1997-8and1987-81982-3,ofeventsno˜NiElstrongof

forSOItheinminimasharpFollowing5b.Figureinshownas"1998"),and"1987,"

COatmosphericofconcentrationtheinincreaseofrateshighevents,threethese 2

toask,Wefigure.theinbarsgraybyshowntimesatHawaii,Loa,Maunaatoccurred

fluxes,oceanicandbiosphericanomaloustheinseenextremesdiddegreewhat

Fano ,bio and Fano ,oce varia-climatictoresponsesrepresent)dandcPanels10,(Figure

times?theseatbility
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threetheseforequalnearlyareSOIinfluctuationstheofamplitudestheBecause

climaticofdegreesequalapproximatelyreflecttheythatpossibleisitevents,no˜NiEl

flux,biosphericanomaloustheinfluctuationsofamplitudesCalculatedforcing.

Fano ,bio ouronbasedequal,nearlyalsoareeventstheseforc)Panel10,(Figure

ofchangeofrateinfluctuationscorrespondingofamplitudesequalnearlyobserving
13C /12 flux,oceanicanomaloustheinfluctuationcalculatedThe7).(FigureratioC

Fano ,oce thanevent1998theforamplitudelesserofishowever,d),Panel10,(Figure

ofratetheinfluctuationgreaterareflectingevents,previoustwotheofeitherfor

COatmosphericofchange 2 oceaniclesserthiscanHow7).(Figureeventthisfor

explained?befluctuation

simi-ofspiteindifferentwereindeed,flux,oceanictheinfluctuationstheEither

beenhasfluxbiosphericterrestrialtheorevents,threeallforSOItheinsignalslar

fluctuations.oceanicvariableoflikelihoodthediscussfirstWecalculated.incorrectly

[Keeling1988throughonlydatawithcalculationdeconvolutiondoublepreviousaIn

invariations1989a],al.et Fano ,oce tem-seasurfacetropicalwithcorrelationashowed

reducedtoattributedwaseventsno˜NiElduringotherwisethansinklargerAperature.

decreasedacausedthatPacific,easttheinespeciallyoceans,tropicaltheinupwelling

COofsource 2 seasur-warmeraofspiteinatmosphere,thetooceanstropicalthefrom

12FigureshowedtemperatureseasurfacePacifictropicaleast12,FigureinshownAsface.

1987,and1983ofeventstheforthaneventno˜NiEl1998theforwarminggreater

tropicalinfluctuationsvariableThuspronounced.lesswassinkoceanicthewhereas

influctuationoceanicsmalleraquantitativelyexplainnotdotemperatureseasurface

1998.

discrimi-isotopicinvariabilitytemporalforaccounttoneglectingAlternatively,

sub-indiscussedasfluxes,calculatedtheinerrorscausedhavemayplantsbynation

derivativefirsttheinfluctuationsofamplitudesequalnearlytheAlthough5.2.section

of δ13 COatmosphericofC 2 (seeeventsno˜NiElwithassociationinobservewethat

inamplitudesequalnearlycorrespondingsuggest7),Figure Fano ,bio isthisperhaps,

bycarbonofassimilationanomalousbothreflectsfluxThisconclusion.correctanot

respira-bycarbonbiosphericofreleaseanomalousand(NPP)productionprimarynet

variabilitytodirectlyrespondsgenerallyNPP,aswellasrespiration,Although,tion.

Varia-same.thenecessarilynotaresensitivitiestheprecipitation,andtemperaturein

leadfortuitouslycoulddiscriminationisotopicvariableandrespiration,NPP,intions

threethewithassociatedfluctuationsforamplitudessamethenearlycalculatingourto

discrimina-invariationsignoringby1998and1987,1983,ofeventsno˜NiElstrong

tion.
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indiscussedastropics,theinmainlyoccurprobablyfluctuationstheseBecause

whileIV,ArticleInhere.causestheirofconsiderationfurtherdeferweII,Article

pos-thereconsiderweinversion,bycalculationsregionalourofresultsthereviewing

sup-somefindWefluxes.oceanicandbiospherictheinfluctuationsofcausessible

artifactannotandrealbetoappearsfluxestheseinvariabilitytheofmuchthatport

discrimination.variableneglectedof

fluxesexchangeofestimationinuncertaintyreducetoWays8.3

COinferringindifficultiespresenttheGiven 2 COatmosphericfromfluxes 2 data

isobviousisthatOnemind.tocomeimprovementspossibleseveraldiscussed,justas

calibrationsBetterdata.time-seriesofaccuracyabsoluteandprecisiontheincreaseto

respectwithespeciallyfluxes,studyingforbasedatatheimprovesurelyalmostwould

differenceslargesuchoffindingthepreventwouldtheyparticularIndata.isotopicto

no˜NiElisotopiclargeafindmaylaboratoryonethatlaboratoriesbetweenresultsin

interna-ofreintroductionthebewouldhelpfulMostnot.doesanotherwhilesignal

atmosphericandoceanicofrangetheinmaterials,referencestandardisotopictional

CO2 laboratories.betweenintercalibrationtermlongsystematicfor,

COatmosphericofuptakeofratetheestablishinginUncertainty 2 oceanstheby

terres-andoceaniccombinedtheofpartwhichidentifytoabilityourlimitspresently

COindustrialofsinktrial 2 andis,sinkbiosphericterrestrialthebecauseoceanic,is

indiscussedassink,oceanicthethandeterminedwelllessfarremain,willprobably

oceanictheofknowledgeimprovetomeansindirectSeveralabove.7.3,subsection

carbonoceanictheofbehaviorfundamentaltheofstudiespursued:beenhavesink

theofinvestigationsprogram,JGOFStheassuchcampaignsoceanicthroughcycle

Experiment,CirculationOceanWorldthebypursuedwasassuchcirculation,ocean

generalinbetterdefinetochlorofluorocarbonsassuchtracerstransientofusetheand

oce-theinuncertaintypresentTheoceans.theinsubstanceschemicaloftransportthe

techniques.theseofallaccountintotakes7Tableinquotedsinkanic

ofchoicetheonproceduredeconvolutiondoubletheofdependencytheGiven

correctnesstheestimatingofmeansnoisthereabove,discussedassubmodel,oceanic

COatmosphericfromfluxesoceanicnetofmagnitudesaveragetheof 2 alone.data

ofdeterminationThe Foce availableweretime-seriesifdeterminedbetterbewould

ofaverageglobaltheestablishtoadequate 13C /12 carboninorganicdissolvedofratioC

adequateifbetterstilland2001],Keeling,and[Gruberwateroceansurfacein(DIC)

indirectnoHowever,1992].al.,et[Quayavailablealsoweredataisotopicsubsurface

pursuedwereassuchDIC,ofmeasurementsdirectasreliableasbetolikelyismethod
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measure-Such1992].[Needler,ExperimentCirculationOceansWorldtheduring

theofchangeofratetheestablishtorepeatedlyoutcarriedbeshouldhowever,ments,

oceans.worldtheincarbonofinventory

COatmosphericofexchangeglobaltheestablishingIndependently 2 ter-thewith

changingthemeasuringbyormeasurementsfluxdirectbyeitherbiosphere,restrial

inven-globalpreciseaproducetolikelynotissinks,andplantsincarbonofinventory

reser-theofheterogeneitygreattheofbecausecarbonbiosphericterrestrialfortory

atmos-ofsinkorsourceaisbiosphereterrestrialthewhichtoextenttheThusvoir.

COpheric 2 wellthefromsubtractingbydeterminedbestbeprobablywillglobally

sink,combinedestablished Fbio + Foce flux,oceanictheofestimatesthe, Foce based,

datathebecausemerit,long-termhasapproachThisdata.inventoryoceanicdirecton

lengthens.measurementsoftime-intervaltheassignificancemoreandmoregain

concen-oxygenatmosphericofmeasurementspreciseusetoisapproachthirdA

COofmeasurementswithconcurrentlytration 2 andconcentration 13C /12 ratio,C

COterrestrialandoceanictheofmagnitudesrelativetheconstraintofurther 2 exchange

inoceansandlandthewithexchangesbyinfluencedisoxygenAtmosphericfluxes.

Oatmosphericofcombinationthesodioxide,carbonthanproportionsdifferent 2 and

CO2 oceanandlandtheofproportionsrelativetheresolvetohelpcanmeasurements

allasmethod,This2000].al.,etBattle1992;Shertz,andKeelingF.[R.sinkscarbon

ofevidencevaluableproducetolikelyisbutcomplications,hasmethods,knownother

long-term,toseasonalfromtime-scalesallonuptakeoceanicoftime-evolutionthe

becanthatwaterseaincarbonincreasingofmeasurementsdirectcomplementing

intervals.infrequentatonlyworld-widemade

Conclusions9.

andconcentrationtheofmeasurementsCombined 13C /12 ofratioisotopicC

COatmospheric 2 biosphericterrestrialdistinguishingforbasisawithusprovidedhave

COofexchangesoceanicand 2 similarremarkablyfindWe1999.through1978from,

time-theonratioisotopicandconcentrationinvariationsoffluctuationsofpatterns

increasedinferwewhichfromcycle,(ENSO)oscillationno-southern˜NiEltheofscale

COofreleases 2 COofuptakegreaterbyoffsetpartiallybiosphere,terrestrialtheby 2

tem-globalaverageaboveoftimesotheratandeventsno˜NiElduringoceanstheby

ourandhowever,explained,readilyarecorrelationstheseofdetailsallNotperature.

caution.withviewedbetoneedfindings
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COatmosphericourofcorrelationestablishedbestThe 2 ENSOthewithdata

establishedfluxes,oceanicandbiosphericglobaltheofsumthetopertainscycle

COinchangeofratethebyunambiguously 2 ofrateaverageglobalTheconcentration.

inchange 13C /12 thewithphaseincloselyvariesestablished,welllessthoughratio,C

COglobal 2 terrestrialglobalthethattherefore,follows,It6).(Figureconcentration

withcorrelatedhascertainlyalmostreflects,recordisotopicthewhichflux,biospheric

deter-isitbecausecorrelatesalsoprobablyfluxoceanicglobalThecycle.ENSOthe

fluxes.twotheofsumthefromfluxbiosphericthesubtractingbymined

COfromsolelyderivedsum,thisinfluctuationsofamplitudesThe 2 concentration

bios-globalseparatethetorelatingamplitudesthebutestablished,wellalsoaredata,

data,isotopictheofmiscalibrationbecauseuncertain,arefluxesoceanicandpheric

calculat-inerrorsproducedhavemaycorrectly,datatheseinterprettoinabilityanand

matchdataisotopicandconcentrationcalibrations,torespectWithamplitudes.ing

preci-improvedtoattributewethatcircumstancea1991,aftercloselymoreothereach

moreandbettertoandspectrometers,massinchangeaafterdataisotopicourofsion

allnotphenomenareflectmaydataisotopicOurstandardizations.isotopicfrequent

interannualparticular,inhowever,fluxes,ofcalculationsourinaccountintotaken

variationsofphasinginsimilarityTheplants.bydiscriminationisotopicinvariability

thiseventhatpossibilityrareverytheforexceptratio,isotopicandconcentrationin

invariationspossiblethathowever,demands,data,poorofartifactanbecouldfeature

con-phasedbephenomena,neglectedotherorplants,bydiscriminationisotopic

flux.biosphericglobaltheinfluctuationswithsistently

aindeed,is,cycleENSOthetotiedcloselydiscriminationvariableofPhasing

mostdemonstrates,IIArticleindiscussedfluxesofanalysisregionalaAspossibility.

wheretropicstheinoccurscycleENSOthewithfluxbiosphericofcorrelationtheof

todiscriminationandplantsofproductionprimarynetthebothcausemaydrought

ofexistencetheabove,5,sectioninshownasAlso,events.no˜NiElduringdecrease

ofpartsubstantialaexplaincoulddiscriminationtropicalinvariationsaveragesmall

ofanticorrelationtheHowever,infer.wethatfluctuationsbiosphericinamplitudethe

ansupportsdeducewethattemperatureseasurfacetropicalwithfluxoceanic

ENSOtheoverslightlyonlyvariedhavemayplantsbydiscriminationthathypothesis

indecreasesobservedwithconsistentisanticorrelationanSuchall.atnotorcycle,

COcoldofupwelling 2 events,no˜NiElduringtropicstheinwatersubsurface-laden

COofreleaseawithtogethertemperatureseasurfaceincreasedproducetoexpected 2 to

air.the
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theexplainsbettermechanismwhichdecidetodifficultisitQuantitatively

COinfluctuationsobserved 2 andconcentration 13C /12 oscilla-southernTheratio.C

thenearlybyshiftsevents,no˜NiElofintensitytheofmeasurea(SOI),indextion

istiming(whose1998and1987,1983,ineventsmajorthreeduringamountsame

temperatureseasurfaceTropical5).Figureinbarsgraybyapproximatelyindicated

oceanictheNevertheless,12).(Figureeventstheseforshiftsequalnearlyshowsalso

twotheduringthan1998influctuationlessersubstantiallyashowsinferwethatflux

ofchangeofratetheinFluctuationsexplained.readilynotfindingaevents,earlier
13C /12 withconsistent7),(FiguresamethenearlyareeventsthreetheseforratioC

oscillationsouthernthebyindicatedaseventsno˜NiEltheofstrengthsequalnearly

reducedtoowingamplitudeinreductionAdata.temperaturesurfaceseaandindex

sig-biospherictheamountssimilarbydiminishtoexpectedthereforeisdiscrimination

signal,oneleastatcorrect,aredataisotopicourifThus,events.threeallfornals

1980’stheofeventsthebetweenstrengthinvarymustbiospheric,oroceaniceither

features.thesereconcilecannotanalysisourpresentAtevent.1998theand

COinvariabilityinterannualtheofmuchsoBecause 2 ourindeducedexchange

nothavewecycle,ENSOoccurringnaturallyatoattributedandshort-termisstudy

thatfactorsanthropogeniconnorexchange,invariabilitylong-termonlengthatdwelt

takesusedhavewethatproceduredeconvolutiondoubleThevariability.cause

COatmosphericinrisehuman-causedunquestionablytheofaccount 2 fromresulting

theonsteadysufficientlyisprocesscombustionthisbutfuel,fossilofcombustionthe

COatmosphericinvariabilityinterannualthetolittlebutcontributesitthatshort-term 2

ofpartlybetohowever,likely,isvariabilityShort-termtime-scale.ENSOtheon

sensi-theincreasedhavemaythatland-useinchangesrecentofbecausecause,human

example,forfactors,climaticinvariationsnaturaltobiosphereterrestrialtheoftivity

bydirectlyorexchange,heatlatentandalbedoinchangeshuman-causedbyindirectly

drought.ofperiodsduringfiresgrassandforestgreaterandmorecausing

COatmosphericofanalysisnewafromfindingprincipaloursummary,In 2 data

COatmosphericofexchangesnetinfluctuationsinterannualthatis 2 ordertheofare

yrPgCseveral −1 clearlyfluctuationsTheevents.no˜NiElstrongwithcorrelateand

andamplitudestheirbutoceans,theprobablyandbiosphere,terrestrialtheinvolve

how-fluctuations,theseofCalculationsdetermined.preciselybeyetcannotphasing

thecalculatinginremainstillwhichuncertaintiesfurthertosensitivenotareever,

COindustrialofsequestrationlong-term 2 oce-theandbiosphereterrestrialthebothby

ans.
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Appendices

measurementoftechniquesandproceduresSamplingA.Appendix

COatmosphericofMeasurements 2 ofsamplesonmadewere3,Figureinshown,

Flasksstopcocks.Apiezon-greasedwithequippedflasksglass5-literincollectedair

sampleeachwheresitessamplingtoshipmentbeforevacuumhighatopumpedwere

wereflasksTheseconds.30approximatelyforstopcocktheopeningbycollectedwas

COthewhereSIOtoreturned 2 fromairofaliquotanonmeasuredwasconcentration

infrarednondispersive55ModelCorporationPhysicsAppliedanwithflaskeach

wassample,originaltheof80%aboutair,remainingTheanalyzer.gas(NDIR)

double-concentricspecialathroughpumpingslowlybyflaskeachfromremoved

COtrappedThenitrogen.liquidwithcooledtrapspherical 2 tracewithtogether,

Nofamounts 2 atotransferredthenwassamples,airoriginaltheinpresentalsoO

tubessuch1982,to1978Fromnitrogen.liquidusingsublimationbytubestorage

1983].al.,et[MookO-ringswithequippedorgreasedstopcocks,withequippedwere

thewhichintotubesglassPyrexdiameter1/4"ordinaryofconsistedtubesThereafter,

CO2 COstoredThetorch.awithsealedthentubeeachandsublimed,weresamples 2

measured,wasratiomass45/44thewherespectrometermassatotransferredlaterwas

theand 13C /12 theforappliedcorrectionawithdetermined,subsequentlyratioC

Nofinfluence 2 meas-weresamples1991,to1978From2001].al.,et[BollenbacherO

theUniversity,Groningenof(CIO)OnderzoekIsotopenvoorCentrumtheatured

theysubsequentlyspectrometer;massSiraInc.InstrumentVGawithNetherlands,

tech-Measurementspectrometer.massIIPrismVGawithSIOatmeasuredwere

sametheremainedhave218],p.[1989a,al.etKeelingbydescribedfurtherniques,

here.reportedstudythethroughout

COofmeasurementsObservatory,LoaMaunaataddition,In 2 wereconcentration

followingSIO,atusedasmodelsametheanalyzer,gasNDIRawithsiteonmade

con-nearlytheseaveraged,Monthly[1982].al.etKeelingbydescribedtechniques

flaskonbasedset,dataparallelA3.Figureinshownaredataconcentrationtinuous

trend),interannualsamethenearlybutdatascatteredmoresomewhat(havingsamples

shown.notis
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data.concentrationofCalibrationB.Appendix

atodryingaftercylinders,pressurehighinstoredair,naturalofmixturesGas

COofmixturesandless,orppm2.5ofconcentrationvaporwater 2 gas,nitrogenin

COforanalyzersgasNDIRthecalibratetousedwere 2 Calibrationconcentration.

incellanalyzertheintocylindersmoreoronefromflowedairanalyzingofconsisted

mer-ausingcelltheintointroducedlatterthesamples,flaskfromairwithalternation

successive5ongasesreferenceofintercomparisondetailedApump.Toeplercury

years,twoeveryapproximatelyperformedwasmonths,fewathanmorenotoverdates

offractionsmolethewithconsistentaredataconcentrationreportedthethatassuring

CO2 COprimary11ofsetaforestablished 2 frac-moleThegases.reference-in-air

CO13ofsetsecondaandmixtures,gasreferenceprimarytheseoftions 2-in-nitrogen

awithyears,threeeveryapproximatelycheckedweregases,referenceprimary

al.etKeelingbydescribedasessentiallymanometer,mercury-columnconstant-volume

[1986].

data.isotopicofCalibrationC.Appendix

ofsamplesofsuiteawithmadewerecalibrationsCIO,atNetherlands,theIn

COpure 2 wereCalibrations1983].al.,et[Mookstandardsinternationaltoattributed

programtheofendtheto1989Fromanalysis.ofdaythirdeveryapproximatelymade

con-Werecently.untilSIOtoreportednotandfrequentlesswascalibratingCIO,at

sinceSIO,Atdata.earlierthethanreliablelessbetoperiodthisfordatathesider

COofaliquotsofconsistingstandards,calibrating3ofusemadehavewe1991,early 2

thecylinders,pressurehighinstoredairnaturaldriedofmixturesgasfromextracted

analysis.gasNDIRforstandardsprimaryourasusedmixturesgasofkindsame

COofsamplesaswaysametheinpreparedaliquots,These 2 fieldatcollectedairfrom

Ncontainingthereforeandstations, 2 scheduleanalysistheintointroducedwereO,

spectrom-massIIPrismVGthethatindicateusetheirfromobtainedDataday.every

com-Moreover,calibration.dailyjustifytoenoughperformanceinvariedhaseter

COpurewithparison 2 forcalibrationspectrometermassthethatindicatesstandards

COair-derived 2 ofcalibrationstorespectwithunidirectionallytimeoverdriftedhas

abruptbytimetotimefrominterruptedtrendsthestandards,conventionalthese

knownotdoWerepairs.instrumentfollowingdirection,oppositetheinchanges

COair-derivedforCIOofspectrometermasstheofcalibrationthewhether 2 also

drifted.
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analyseswhentimethenearSIOandCIOofdataisotopiccross-calibrateTo

COofsamples36SIO,totransferredwere 2 JollaLaatcollectedairfromextracted

COofstandardsSIO3ofeachaliquots18and 2 atmeasuredwereair,fromextracted,

airofextracts61ofSIOatmeasurementswithintercomparedresultstheandCIO

gases.standardthreetheofeachfromextracts160approximatelyandJollaLafrom

sametheremainedspectrometerCIOtheofcalibrationthethatassumptiontheOn

NtheadoptingandCIO,atmeasuredstandardsinternationaltorespectwith 2 correc-O

ourofalladjustedhavewe1983],Hoek,dervanand[MookCIOatdeterminedtion

interna-formertheagainstSIOatmadecalibrationsreplicateofaveragethetodata

COpureofstandardstional 2 SIOtheofCalibrationNBS-19.standard,carbonateand,

indescribedareSIOandCIObetweencross-calibrationtheandspectrometermass

[2001].al.etGuentherand[2001]al.etBollenbacherbydetail

forstandardscarbonateisotopicinternationalavailablenopresentlyareThere

COofcalibrationinterlaboratory 2 putareintercalibrationreliableforprotocolsUntil.

0.15asgreatasbiasesthatassumetoprudentisitinternationally,effectinto °/°° exist

unresolvablestillAlso,laboratories.otherofdatawithdataourcomparingwhen

COatmosphericforsetsdataisotopicSIOandCIOthebetweenexistmaybiases 2

here.reported

processing.DataD.Appendix

COofaveragesglobalestablishTo 2 andconcentration 13C /12 (the1978afterC

ratio,isotopicreducedthebyexpressedlatter δ13 aver-weighted(1.1)),equation(seeC

forcomputedwereLoa)Maunaexcepting1,Tableinlisted(thosestations9forages

earththeofareaoffractionthetosetwasstationgivenaforweightThemonth.each

(orstationsneighboringbetweenlatitudeofsineinmidwaylatitudes,betweenzonesin

recordswhosestationsForstation.)polewardnowasthereifpole,thetomidway

onbased1978,ofbeginningthetobackmadewereestimatesprior1978,afterbegan

eachofyears4firsttheoveraveragesPoleLoa-SouthMaunafromdifferencestheir

Thebelow.notedasexceptrecord,station’s δ13 extrapo-wasLoaMaunaforrecordC

sta-IslandChristmasneighboringthefromdifferenceitsassuming1978tobacklated

Extrapolated1982.through1978years,theoveraveragedconstant,betorecordtion

BaringThefilter.triangular9-monthausingsmoothlyjoinedwererecordsactualand

ZealandNewHead, δ13 betoitassumingby1978tobackextrapolatedwasrecordC

differ-average5-yearobservedanbyaveragePoleLoa-SouthMaunathefromoffset

ence.
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interannualseasonalsimilarahavingAlert,station,northernmostourfromData

PointfromdatawithmergedwereBarrow,Pointstation,northernotherourtopattern

CObothforrecordnorthfartheincompositeaformtoBarrow 2 and δ13 aver-TheC.

theextrapolatetousedwasrecordAlerttheofyears4firsttheoverdifferenceage

thenweredatamergedThedata.BarrowPointtheofstartthetobackrecordAlert

Observatory,LoaMaunaforDataabove.describedas1978,tobackextended

theinincludednotwasdescribed,justasrecords,otherextrapolatinginusedalthough

COofRecordsaverage.globalweighted 2 States,Unitedwesterntheofconcentration

thetopriorusedwere1957-1977,Pole,SouththeandLoaMaunaofand1955-1957,

meanthe0.6119,byupwardadjustedbeingafter1978,indataisotopicofbeginning

andLoaMaunatheofaveragethe1)records:compositetwobetweendifference

toPrior1999.to1979fromrecordcomposite9-stationthe2)andrecordsPoleSouth

adjust-without1996]al.,et[Etheridgeusedwerecoreiceanfrommeasurements1955

ment.

andconcentrationforpointsdatamonthlyThe δ13 fitwerestationeachforratioC

smooth-The[1989c].al.etKeelingbydescribedas1967],[Reinsch,splinesnodalto

ofconstituentandstationeachforsamethebetoprescribedwassplineeachofness

CO2 theofintegralspecifiedaatarrivetosplinetheofstiffnesstheadjustingby

yr(ppm30year:perderivativesecond −2)2 (1.5concentration,for °/°° yr−2)2 for δ13C

andconcentrationforsplinesTheratio. δ13 intervalsmonthlyataveragedthenwereC,

D.1Table(indistinguish-6Figureinabove,shown,areTheseline-segments.smoothproduceto

cap-figuretheindescribedastrends,linearsubtractingaftercurves)smoothfromable

ofD.1,TableinlistedareconcentrationofpointsdataMonthlytion. δ13 TableinC

D.2TableCOforpointsdatatheofdeviationsstandardTheD.2. 2 andconcentration δ13C with,

D.3TablecorrespondingTherespectively;D4,andD3Tablesinlistedarespline,eachtorespect

datatheinscatterrandomofmeasuresasacceptedaresquaring,byobtainedvariances,

D.4TableB.1)subsectionII,Article(see

tosimilarmethodabyestimatedwasfluxesofanalysisourinerrorStatistical

theonimpacttorelativescatter,greatertoOwing[1995].al.etKeelingbyusedthat

determinationthetoerrortheofmostcontributedataisotopicthefluxes,ofcalculation

Firstly,fluxes.theinerrortheofallcontributetoassumedbeenhaveandfluxesof

inchangeofratesannual δ13 topointsdataisotopicthefittingestimated,wereC

slopestheoferrorsstandardtheandrecord,theofsegmentsannualoverlinesstraight

theoferrortheslopes,thetoproportionalarefluxesannualtheBecausedetermined.

biosphericannualtheSecondly,slope.theoferrorfoundthetoproportionalisflux

toslopestheofmagnitudesthetoscaledweredeconvolution,doublebyfoundfluxes,
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yrPgCinerrorstheexpress −1 bios-terrestrialtheofsumtheinerrorstheBecause.

theofindependentarefluxesoceanicandpheric δ13 fluxoceanicinerrorsthedata,C

flux.biospherictheofthosetooppositeandequalbetoassumedwere

DataAuxiliaryE.Appendix

flux,responseoceanicthecalculatesthatsubmodeloceanicThe Fex equa-(see,

aver-globalonbasedtemperatureseasurfaceinvariationsofaccounttakes(4.2))tion

E.1FigureTheE.1.Figureinshowncommunication],personaland[1994,Jonesofdataage

andfuelsfossilofproductionthefordataannualofusemakesdeconvolutiondouble

E.1TableE.1.Tableinlistedasmanufacturecement
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SamplingofDatesandLocationsSamplingAir1.Table

DatesInclusive

FitofElevationLong.Lat.Code a

CO(m)(deg.)(deg.)NameStation 2 δ13C

82.5ALTCanadaN.W.T.,Alert, ° 62.3N ° to19856,Mayto19856,May210W
200020,Jan.200020,Jan.

71.3PTBAlaskaBarrow,Point ° 156.6N ° to19828,Apr.to19743,Feb.11W
20004,Feb.20004,Feb.

32.9LJOCaliforniaJolla,La ° 117.3N ° to19781,Apr.to196918,Feb.10W

200028,Mar. b 200028,Feb.

HawaiiLoa,Mauna c 19.5MLO ° 155.6N ° to197830,Jun.to195829,Mar.3397W

200025,Mar. d 200011,Feb.
19.5KUMHawaiiKumukahi,Cape ° 154.8N ° 19804,Feb.to197927,Mar.3W

199928,Dec.20001,Feb.
2.0CHRKiribatiIsland,Christmas ° 157.3N ° 19772,Aug.to197410,Dec.2W

200016,Jan.20009,Jan. e

Matatula,Cape
14.2SAMSamoaAmerican ° 170.6S ° to198424,Feb.to19814,Sep.30W

20003,Jan.200014,Feb.
29.2KERIslandsKermadecIsland,Raoul ° 177.9S ° to198313,Dec.to19828,Dec.2W

199911,Nov.20003,Jan.
41.4NZDZealandNewHead,Baring ° 174.9S ° to198514,Mayto19774,Jul.85E

199922,Nov.200010,Jan.
90.0SPOPoleSouth ° 0.0S ° to197715,Mar.to195717,Jun.2810

200023,Jan. f 200023,Jan.

a noted.otherwiseunlesssamplesFlask
b 1972-1975.frommeasurementscontinuousSupplementary
c inversion.modelzonalordeconvolutionglobaltheinusednotbutreferenceforProvided
d COFor 2 site.thisatonlymeasurementscontinuous,
e A.2).Table1989a,al.,etKeeling(seeincluded1977-1983fromIslandFanningfrommeasurementsflaskSupplementary
f 1960-1963.frommeasurementscontinuousSupplementary



ofCompositionIsotopicApparent2.Table CO2 RemovedorAdded
1992-1999fromAveragedStationsVariousatAtmospherefrom

δ13CI
13∆cov

b

(LatitudeNameStation °/°° ErrorStandard) a (°/°° )

82.5(ALT)N.W.T.Alert, ° 19.90.38-27.8N

71.2(PTB)AlaskaBarrow,Point ° 18.60.39-26.5N

32.9(LJO)CaliforniaJolla,La ° 19.90.77-27.8N

19.5(MLO)HawaiiLoa,Mauna ° 18.91.09-26.8N

19.5(KUM)HawaiiKumukahi,Cape ° 20.31.38-28.2N

2.0(CHR)KiribatiIsland,Christmas ° 19.97.19-27.8N

14.2(SAM)SamoaAmericanMatatula,Cape ° 8.33.14-16.2S

29.2(KER)Isl.KermadecIsland,Raoul ° 10.42.80-18.3S

41.4(NZD)ZealandNewHead,Baring ° 12.03.22-19.9S

90.0(SPO)PoleSouth ° 7.82.60-15.7S

1.00-27.5stations:hemispherenorthernforAverage c , d 19.6

3.41-17.5stations:hemispheresouthernforAverage c 9.6

a ofvaluesannualofmeantheOf δ13CI 1992-1999.for
b fromsubtractingbyObtained δ13CI ofaveragethe δ13C atmosphericof CO2 theat

1999.through1992fromPoleSouth
c quadrature.By
d Island.ChristmasExcluding



ComponentsSourceIsotopicComputetoParametersGlobal3.Table
CalculationsDeconvolutiontheinUsed

NoteValueDefinitionSymbol

parametersConstant

N frea 1PgC615.6COasatmosphereinCarbon 2 ofratiomixingatocorresponding,
COatoandairdrytorelativeppm290 2 seaatpressurepartial

289.04oflevel × 10−6 atm
Nao 2PgC747.6COatmosphericincarbonofAmount 2 1990.January,in
αab 30.984680013C /12 COforfactorfractionationC 2 bio-terrestrialthebyuptake

sphere
α′ab 30.9847397Corresponding 13C /(13C+12 ratioC)
αba 41.000000013C /12 COforfactorfractionationC 2 bio-terrestrialthebyrelease

sphere
α′ba 41.0000000Corresponding 13C /(13C+12 ratioC)
αam 50.998200013C /12 COforfactorfractionationC 2 oceansurfacethebyuptake

water
α′am 50.9982198Corresponding 13C /(13C+12 ratioC)

rs 60.011237213C /12 PDBstandardisotopicofratioC

parametersTime-dependent

αeq (t 7variable) COgaseousoffactorfractionationEquilibrium 2 torespectwith
carboninorganicdissolvedtotal

αma (t 8variable) 13C /12 COforfactorfractionationC 2 oceansurfacefromevasion
water

<αeq (t )> 9variableofaverageAnnual αeq (t )

<α′eq (t )> 10variableCorresponding 13C /(13C+12 ratioC)

δa (t 11variable) δ13 COatmosphericofC 2

δb (t 12variable) δ13 biosphereterrestriallong-livedtheincarbonofC

δm (t 12variable) δ13 wateroceansurfaceincarboninorganicdissolvedofC

δIND (t 13variable) δ13 carbonfuelfossilofC

ofatmospheretheinairdryofmasstheofestimateanonbased301]p.[1973a,KeelingFrom(1)
5.119 × 1018 289.04isairmoisttorespectwithratiomixingcorrespondingThe1966].[Verniani,kg

per-0.33isatmospheretheinvaporwaterofcontentaveragethethatVerniani,didasassuming,ppm
COcorrespondingtheHencecent. 2 289.04islevelseaatexistedpressurepartial × 10−6 atmospheres.

COasatmosphereinCarbon(2) 2 COaonbased1990,January,onadjusted,seasonally, 2 concentration

ofvaluetheonbasediscalculationTheE.2.Tableinshownasppm,352.2of N frea above.,



(continued)3Table

17.8and3.6plants,C3andC4bydiscriminationthewherecalculationaonBased(3) °/°° respectively,,
propor-betoassumedwasplantsC4bycontributiontheand[1994],FarquharandLloydfromtakenis
vegeta-theusingcalculated17.4407%,plants,C4toattributedNPPofpercentageglobalthetotional

TheII.Articleindescribedas1990,to1982foraveragedNPPtheand[1996],al.etHuntofmaption
factor α′ab fromcomputedis αab (12)]footnote8,Table[1989a,al.,etKeeling[cf.formulatheby

α′ab α= ab (1 + 0.993rs )(1 + 0.975rs (T3.1))

where rs table.thisinlistedasis

13).footnote8,Table[1989a,al.etKeeling(cf.assumedisfractionationZero(4)
MandSiegenthalerFrom(5)

..
symbol(their255]p.[1981,unnich αas renewalsurfacetheonbased)

0.2ofestimateTheir[1970].Danckwertsofmodelexchangegas °/°° tocontributionthefor αam from

COofreactionthe 2 COofhydrationthetorelatedfractionationbutincluded,isionhydroxidewith 2 is

factorTheincluded.not α′am fromcomputedis αam Table[1989a,al.,etKeeling[cf.formulatheby

(14)]footnote8,

α′am α= am (1 + 0.993rs )(1 + 0.993αam rs (T3.2))

where rs table.thisinlistedasis

asSame296].p.[1973,GrootesandMookbyEstablished(6) 13rs (1.1)).Equation(cf.textmainof

equation:thebyComputed(7)

αeq (t ) = 1.02389 −
T (t ) + To

9.483
(T3.3)

where t T(andtimedenotes t [1974,al.etMookfromequation,TheCelsius.degreesintemperature,),
(with4,Table175,p. To 273.15= ° difference,milpertheofdependencetemperaturethespecifies)],

COgaseousbetweenequilibrium,at 2 thetofractionatetoassumedsolutionbicarbonateaqueousanand

14]).footnote8,Table[1989a,al.etKeeling(cf.wateroceanasextentsame
toEqual(8) αam

.αeq (t isnorcalculations,theindirectlyusedNot). α′ma (t ).

globalconstantaassuming1856,toprioryearsallfordeconvolutionthein0.991351toequalSet(9)
19.129oftemperatureaverage ° tem-griddedarea-weightedaverageglobaltofitsplineaThereafter,C.

fromdeparturesonbasedtemperaturevariableaspecifiesE.1)Figurein(plotteddataanomalyperature
computetousedturninvalue,startingthat <αeq (t )> inusedis0.990983,value,constantdifferentA.

therein).A.3subsection(seeIIArticle
(15)],footnote8,Table1989a,al.,etKeeling[cf.formulathebyComputed(10)

<α′eq (t )> = <αeq (t )>(1 + 0.993rs </ αeq (t )>)(1 + 0.993rs (T3.4))

trend).lineararemovingwithout(but6bFigureinplottedasobservations,onBased(11)
deconvolution.doublethebyDetermined(12)

A.2.subsectionII,Articleindescribedas2000],[1996c,al.etAndresFrom(13)



mil,perinRatios,IsotopicReduced4.Table

ModelInversionZonaltheinUsed a

Date δIND (t ) δa (t ) δb (t ) δm (t )

1.7468-22.2364-7.4924-28.171978

1.7343-22.2483-7.5143-28.191979

1.7189-22.2620-7.5689-28.201980

1.7007-22.2763-7.5759-28.241981

1.6880-22.2904-7.5777-28.211982

1.6745-22.3047-7.6383-28.201983

1.6547-22.3203-7.6688-28.281984

1.6392-22.3358-7.6450-28.241985

1.6278-22.3505-7.6400-28.191986

1.6166-22.3653-7.6926-28.301987

1.5979-22.3815-7.7722-28.311988

1.5755-22.3988-7.8025-28.341989

1.5607-22.4162-7.8024-28.431990

1.5476-22.4332-7.7940-28.461991

1.5328-22.4500-7.8048-28.431992

1.5210-22.4665-7.7988-28.431993

1.5086-22.4829-7.8335-28.431994

1.4942-22.5001-7.8715-28.431995

1.4769-22.5177-7.9015-28.431996

1.4625-22.5356-7.9204-28.431997

1.4470-22.5542-7.9898-28.431998

1.4236-22.5723-8.0187-28.431999

a Subscripts: IND emissions;industrial, a atmosphere;, b biosphere;terrestrial, m layermixed,

3.TableSeeoceans.of



yrPgCinNPP,AverageZonal5.Table −1 PlantsC4andC3for, a

C4C4C3C3+C4Type:Plant
Percentage

00.011.611.647-90N
91.010.611.723.5-47N

278.824.032.823.5S-23.5N
170.94.35.223.5-47S
00.00.10.147-90S

Globalb 17.410.750.661.3

a aver-dataNDVIPathfinderonand1996]al.,et[HuntbiomesofmapaonBased
andC3combinedofpercentageshowscolumnFinaltext).(see1982-1990foraged

plants.C4
b errors.roundingtoowingtotalsglobalthetoaddallnotdovalueszonalofSum



withAssociatedmil,perinDiscriminationIsotopicAverage6.Table
SourcesBiosphericZonalforCombined,PlantsC4andC3ofPhotosynthesis a

DiscriminationZone

47-90° 17.80N

23.5-47° 16.55N

23.5S-23.5° 14.00N

23.5-47° 15.35S

15.32Global

a zone,eachinplantsC4andC3fromderivedNPPofproportionsusingDetermined
discriminations,Separate5.Tableinshown ∆ 3.6=C4 °/°° , ∆ 17.8=C3 °/°° fromare,

[1994].FarquharandLloyd



yrPgCinFluxes,DioxideCarbonNetGlobal7.Table −1 Obtained,

ReportsIPCCofFluxeswithComparedDeconvolutionDoubleby a

1990-19991980-1989covered:Period

PresentPresent

AnalysisIPCCAnalysisIPCC

+3.3increaseAtmosphere ± 3.2+3.30.2 ± +3.30.2

combustionfuelfossilfromEmissions

+5.5productioncementand ± +5.440.5 b 6.4 ± +6.410.8 b

uptakeoceanicNet −2.0 ± 0.8 −2.0c 1.7 ± 0.5 −2.4c

changesfromemissionsNet

+1.6land-usetropicalin ± insufficient1.0

dataHemisphereNorthernbyUptake

regrowthforest −0.5 ± "0.5

sinksterrestrialOther d −1.3 ± "1.5

fluxbiosphericterrestrialCombined −0.2 ± 1.9e −0.2 −1.4 ± 1.4 −0.8

a have2001][1996,IPCCbyreportedFluxesatmosphere.theintopositiveareFluxes

(confidence90%atherequotederrors ± 2σ fromdoubledare1990-1999forThose).

[2001].IPCCbyquotedlevelsconfidence67%
b foraverageThe[1998].al.etMarlandonbasedis1980-1989foraverageThe

on[1998],al.etMarlandof(1990-1995)valuesannual6lasttheonbasedis1990-1999

calcu-values1997-1999onandcommunication),(personalBodenT.fromvalue1996a

rate.growthannual2.5%aassuminglated
c sum,theasEvaluated Foce flux,perturbationtheof, Fex flux,anomaloustheand, Fano ,oce

text).theof(4.2)equation(cf.

d forestenhancedincludemaysinks"terrestrial"otherreport,IPCC1995thewithaccordIn

COtoduegrowth 2 (0.5fertilization − (0.2depositionnitrogenPgC/yr),2.0 − 1.0

(0anomaliesclimatictoresponseandPgC/yr), − PgC/yr).1.0

e quadra-incomponentsitsofuncertaintiestheaddingbydeterminedwasuncertaintyThe

biosphericandoceanictheofsumthebetweendifferencethefromcomputedWhenture.

yrPgC0.9toreducesuncertaintythe7.3),subsection(seefluxoceanictheandfluxes −1

text).of7.3subsection(see



COAtmosphericofConcentrationAverageGlobalD.1.Table 2 ppmin,

YEARMONTH

196419631962196119601959195819571956195519541953

AdjustedSeasonallyMeasurements,DirectofValuesMonthly a

318.76318.23317.61316.78316.17315.33314.58314.01313.80313.40312.97312.58Jan.
318.80318.30317.65316.84316.25315.39314.65314.02313.83313.44313.01312.61Feb.
318.84318.36317.69316.90316.33315.45314.72314.04313.86313.48313.04312.64March
318.87318.41317.73316.96316.41315.50314.80314.07313.89313.52313.08312.67April
318.91318.46317.77317.04316.47315.56314.87314.10313.91313.55313.11312.70May
318.94318.51317.81317.12316.53315.63314.93314.14313.93313.59313.15312.73June
318.96318.54317.85317.19316.57315.69315.00314.19313.95313.62313.18312.77July
318.99318.58317.90317.27316.61315.76315.06314.25313.96313.65313.22312.80Aug.
319.01318.61317.96317.35316.64315.84315.11314.30313.97313.69313.26312.83Sept.
319.03318.65318.03317.43316.67315.92315.17314.37313.98313.72313.29312.87Oct.
319.05318.68318.10317.49316.70316.00315.22314.43313.99313.75313.33312.90Nov.
319.08318.72318.16317.56316.74316.08315.28314.50314.00313.77313.37312.94Dec.

197619751974197319721971197019691968196719661965

330.75329.59329.04327.50325.93325.25324.32322.96321.89321.28320.30319.11Jan.
330.82329.68329.06327.68326.00325.29324.41323.09321.96321.33320.43319.15Feb.
330.89329.78329.07327.87326.08325.33324.49323.22322.02321.37320.55319.20March
330.95329.87329.09328.06326.18325.37324.58323.36322.08321.41320.66319.26April
331.02329.96329.10328.24326.28325.42324.67323.49322.15321.45320.76319.33May
331.09330.06329.13328.42326.40325.48324.76323.61322.22321.49320.84319.42June
331.17330.16329.16328.58326.52325.54324.85323.74322.30321.54320.92319.52July
331.26330.26329.21328.71326.67325.60324.93323.85322.39321.59320.99319.64Aug.
331.37330.37329.27328.82326.82325.66325.01323.96322.49321.65321.06319.76Sept.
331.48330.47329.34328.91326.98325.73325.09324.06322.60321.71321.12319.89Oct.
331.61330.57329.42328.97327.15325.79325.15324.15322.71321.77321.18320.03Nov.
331.74330.67329.50329.01327.32325.86325.20324.24322.83321.83321.23320.16Dec.

198819871986198519841983198219811980197919781977

348.95346.68345.24343.91342.64340.70339.56338.48336.82335.14333.70331.87Jan.
349.15346.82345.36344.02342.76340.86339.65338.58336.98335.25333.83332.02Feb.
349.36346.98345.48344.13342.88341.03339.74338.68337.13335.37333.96332.16March
349.56347.15345.61344.25343.00341.21339.83338.77337.29335.50334.09332.32April
349.75347.33345.73344.36343.11341.40339.92338.85337.44335.64334.21332.48May
349.94347.52345.85344.47343.21341.58340.00338.94337.60335.78334.34332.64June
350.12347.71345.97344.58343.31341.76340.08339.02337.74335.92334.46332.80July
350.29347.92346.09344.69343.41341.92340.16339.10337.89336.07334.58332.96Aug.
350.46348.12346.20344.80343.51342.08340.24339.19338.02336.22334.69333.12Sept.
350.61348.33346.32344.90343.60342.23340.34339.28338.15336.37334.81333.27Oct.
350.76348.54346.43345.01343.70342.37340.44339.37338.27336.52334.92333.42Nov.
350.89348.74346.55345.12343.81342.51340.56339.46338.38336.67335.03333.57Dec.

200019991998199719961995199419931992199119901989

367.58366.42363.66361.91360.61358.66356.77355.52354.74353.69352.23351.02Jan.
366.55363.91361.98360.77358.81356.92355.57354.82353.81352.35351.14Feb. −
366.66364.17362.06360.91358.97357.07355.64354.90353.92352.46351.25March −
366.75364.43362.14361.05359.12357.23355.71354.98354.03352.58351.35April −
366.84364.69362.24361.18359.28357.38355.79355.05354.13352.70351.45May −
366.91364.95362.35361.30359.43357.54355.88355.13354.22352.82351.54June −
366.99365.21362.48361.40359.60357.69355.98355.20354.30352.95351.63July −
367.07365.45362.63361.50359.76357.86356.10355.26354.38353.07351.72Aug. −
367.16365.68362.80361.60359.93358.02356.22355.32354.45353.20351.82Sept. −
367.26365.90362.99361.68360.11358.18356.34355.37354.53353.32351.92Oct. −
367.36366.10363.19361.76360.28358.34356.48355.42354.60353.45352.02Nov. −
367.47366.27363.42361.84360.45358.50356.62355.47354.67353.57352.12Dec. −

a text.indescribedstations,9ofeachoffitssplineofaveragethefromDerived



Ratio,IsotopicAveragedGloballyD.2.Table δ13 COAtmosphericofC, 2 in1978,since °/°°
YEARMONTH

198819871986198519841983198219811980197919781977

AdjustedSeasonallyMeasurements,DirectofValuesMonthly a

Jan. −−− 7.497 −7.544 −7.581 −7.569 −7.598 −7.674 −7.652 −7.638 −7.654 −7.735
Feb. −− 7.492 −7.499 −7.551 −7.581 −7.569 −7.604 −7.678 −7.650 −7.636 −7.659 −7.742
March −− 7.490 −7.500 −7.557 −7.580 −7.569 −7.611 −7.679 −7.648 −7.635 −7.665 −7.749
April −− 7.489 −7.502 −7.562 −7.580 −7.569 −7.618 −7.680 −7.648 −7.635 −7.671 −7.756
May −− 7.489 −7.504 −7.567 −7.579 −7.570 −7.625 −7.679 −7.647 −7.635 −7.677 −7.763
June −− 7.489 −7.506 −7.570 −7.578 −7.572 −7.632 −7.676 −7.646 −7.635 −7.685 −7.770
July −− 7.489 −7.510 −7.573 −7.577 −7.574 −7.640 −7.673 −7.646 −7.636 −7.692 −7.776
Aug. −− 7.490 −7.514 −7.576 −7.575 −7.577 −7.647 −7.668 −7.645 −7.638 −7.699 −7.781
Sept. −− 7.492 −7.518 −7.577 −7.574 −7.580 −7.653 −7.664 −7.644 −7.640 −7.706 −7.786
Oct. −− 7.493 −7.524 −7.579 −7.573 −7.584 −7.660 −7.660 −7.642 −7.643 −7.713 −7.790
Nov. −− 7.495 −7.530 −7.580 −7.571 −7.588 −7.665 −7.657 −7.641 −7.646 −7.720 −7.794
Dec. −− 7.496 −7.537 −7.580 −7.570 −7.593 −7.670 −7.654 −7.639 −7.649 −7.728 −7.797

200019991998199719961995199419931992199119901989

Jan. −7.799 −7.804 −7.794 −7.801 −7.800 −7.809 −7.855 −7.888 −7.908 −7.948 −8.022 −
Feb. −7.801 −7.804 −7.793 −7.803 −7.798 −7.813 −7.858 −7.891 −7.908 −7.955 −8.023 −
March −7.802 −7.805 −7.791 −7.805 −7.797 −7.818 −7.861 −7.894 −7.909 −7.963 −8.023 −
April −7.803 −7.806 −7.791 −7.806 −7.796 −7.822 −7.863 −7.897 −7.909 −7.971 −8.023 −
May −7.803 −7.806 −7.791 −7.807 −7.795 −7.826 −7.866 −7.899 −7.910 −7.978 −8.022 −
June −7.803 −7.806 −7.791 −7.808 −7.794 −7.830 −7.869 −7.902 −7.912 −7.986 −8.021 −
July −7.803 −7.805 −7.792 −7.808 −7.795 −7.834 −7.871 −7.904 −7.915 −7.993 −8.019 −
Aug. −7.803 −7.804 −7.793 −7.807 −7.796 −7.838 −7.874 −7.906 −7.919 −8.000 −8.017 −
Sept. −7.803 −7.802 −7.794 −7.806 −7.797 −7.842 −7.877 −7.907 −7.923 −8.006 −8.016 −
Oct. −7.803 −7.801 −7.796 −7.805 −7.799 −7.846 −7.880 −7.908 −7.928 −8.011 −8.014 −
Nov. −7.803 −7.798 −7.797 −7.804 −7.802 −7.849 −7.882 −7.908 −7.934 −8.016 −8.013 −
Dec. −7.803 −7.796 −7.799 −7.802 −7.806 −7.852 −7.885 −7.908 −7.941 −8.019 −8.012 −

a text.indescribedstations,9ofeachoffitssplineofaveragethefromDerived



COAtmosphericofObservationsofNumbersAnnualD.3.Table 2 andConcentration,
ObservationstoFitsSplineofErrorsStandard

Standard
ofError

Fita

Year(ppm)Station

1989198819871986198519841983198219811980197919781977

0.9716ALT −−−−−−−− 2529383217
30443330454041473320198171.1112PTB
4340382633361910956660.8161LJO
525352525148535252525252530.3598MLO

0.7818KUM −− 444149484846464124178
393631333429971581819240.4333CHR

0.5201SAM −−−− 464748162838314115
0.3136KER −−−−− 1110858873

353030313322303128142220300.4305NZD
232524262520212223182422270.1469SPO

1999199819971996199519941993199219911990

41324140484742474441ALT
34343530324344444229PTB
34334133334241393042LJO
52525252525352525252MLO
40413441434245424539KUM
27211816172227262617CHR
44443941344144505048SAM
1049931410121112KER
6304041412443393133NZD

18242424242424242024SPO

a areB)AppendixII,Article(seecalculationinverseregionaltheinweightsasusedvariancesAnnual
yeareachforobservationsofnumberthebydividingandfitoferrorstandardthesquaringbyobtained

listed.



Ratio,IsotopicReducedAtmosphericofObservationsofNumbersAnnualD.4.Table δ13 andC,
ObservationstoFitsSplineofErrorsStandard

Standard
ofError

Fita

Year(ppm)Station

1989198819871986198519841983198219811980197919781977

0.0651ALT −−−−−−−− 2521373116
0.0693PTB −−−−− 2229322544283829
0.0517LJO − 1620201421231299455
0.0474MLO −−− 40444749403539321816
0.0573KUM −−− 37334546454242292316

26293233362523141716201490.0438CHR
0.0363SAM −−−−−−− 353946243028
0.0336KER −−−−−−− 1212101198
0.0386NZD −−−−−−−− 9151765

16222226191420212115151470.0235SPO

1999199819971996199519941993199219911990

41323739494844474239ALT
31313228343941433523PTB
29282924232624332225LJO
50534244424849494027MLO
43383240424145414334KUM
46282523222836333520CHR
45443737334044494744SAM
107101211513121011KER
1012715151421181613NZD
23242523232324241819SPO

a areB)AppendixII,Article(seecalculationinverseregionaltheinweightsasusedvariancesAnnual
yeareachforobservationsofnumberthebydividingandfitoferrorstandardthesquaringbyobtained

listed.



Ratio,IsotopicandProductionAnnualE.1.Table δ13 COofC, 2 ManufactureCementandCombustionFuelFossilfrom

Decade:ofYear

(9)(8)(7)(6)(5)(4)(3)(2)(1)(0)Decade

kgC(inProductionCarbon × 109)

141.79136.91137.79128.76121.89115.09105.8898.4798.6291.291860
207.82196.75196.12191.77189.21184.05188.44176.10161.90145.221870
329.19322.31298.17279.13276.71282.39280.24262.84244.71227.361880
498.16455.88432.39412.69399.41377.88362.64369.29366.03350.321890
771.22739.89772.30698.57648.11615.69607.42554.89541.49526.271900
837.02934.87950.06898.64834.50842.90931.26869.90824.69807.301910

1182.781103.911106.401016.641014.641007.761012.85897.64836.78961.501920
1252.351181.761243.691163.261047.861010.20932.10886.81980.011090.731930
1505.941552.041454.231299.681232.391375.991387.321355.861357.881321.571940
2471.042338.562277.572185.282049.161872.311847.001803.781774.351637.611950
3809.803595.603420.603313.263154.543015.642855.182707.722602.812585.171960
5355.105079.105026.904887.704624.104648.504639.704404.104235.204083.001970
6047.905940.105719.305589.005402.605225.205059.205066.905105.905276.601980

6680.606518.706407.306221.006072.506095.406180.706104.001990 a 7018.196848.60

δ13 (inC °/°° )

1860 −24.10 −24.10 −24.11 −24.11 −24.10 −24.11 −24.11 −24.11 −24.11 −24.11
1870 −24.11 −24.11 −24.11 −24.12 −24.12 −24.11 −24.12 −24.12 −24.12 −24.13
1880 −24.13 −24.15 −24.16 −24.16 −24.17 −24.19 −24.21 −24.23 −24.23 −24.25
1890 −24.27 −24.27 −24.28 −24.29 −24.28 −24.29 −24.30 −24.31 −24.31 −24.31
1900 −24.31 −24.33 −24.34 −24.34 −24.35 −24.36 −24.35 −24.35 −24.37 −24.39
1910 −24.40 −24.40 −24.41 −24.40 −24.44 −24.47 −24.49 −24.50 −24.48 −24.55
1920 −24.55 −24.59 −24.62 −24.67 −24.72 −24.75 −24.79 −24.81 −24.87 −24.94
1930 −24.96 −25.03 −25.07 −25.06 −25.08 −25.09 −25.10 −25.15 −25.17 −25.17
1940 −25.17 −25.16 −25.20 −25.30 −25.43 −25.71 −25.71 −25.69 −25.78 −25.90
1950 −25.86 −26.00 −26.11 −26.16 −26.21 −26.24 −26.29 −26.37 −26.42 −26.51
1960 −26.61 −26.79 −26.91 −27.00 −27.12 −27.23 −27.35 −27.55 −27.70 −27.85
1970 −27.89 −28.01 −28.07 −28.13 −28.16 −28.12 −28.16 −28.09 −28.17 −28.19
1980 −28.20 −28.24 −28.21 −28.20 −28.28 −28.24 −28.19 −28.30 −28.31 −28.34
1990 −28.43 −28.46 −28.43 −28.43b −28.43 −28.43 −28.43 −28.43 −28.43 −28.43

a 1996.afterpercent2.5ofrategrowthannualanAssumed
b 1992.afterconstantAssumed



Figure 1. Time trend in the concentration of atmospheric CO2, in ppm, from A. D.

1740 to 2000. As discussed in Appendix D, data before 1955 are proxies from meas-

urements in air extracted from ice cores at Law Dome, Antarctica (open circles, Fran-

cey et al., 1995; closed circles, Etheridge et al., 1996). Data from mid-1955 to the

beginning of 1958 are derived from measurements in western United States (open tri-

angles) and from 1957 to 1978 are averages of measurements from the South Pole and

Mauna Loa Observatory. Data from 1978 on are averages of direct measurements of

air collected from 6 to 9 locations (dots). The curve is a spline function which com-

bines separate fits to the proxy and direct data as described by Keeling et al. [1989a,

page 196].
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Figure 2. Locations of carbon dioxide sampling stations that furnish data for this

study. Station symbols: ALT=Alert; PTB=Point Barrow; LJO= La Jolla; KUM=Cape

Kumukahi; MLO=Mauna Loa Observatory; CHR=Christmas Island; SAM=Samoa;

KER=Kermadec; NZD=New Zealand; SPO=South Pole. Further information is listed

in Table 1. A transect connecting the stations is shown.
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COatmosphericmeasuredtheinTrends3.Figure 2 iso-reduceditsandconcentration

ratio,topic δ13C. bandaPanels south-andnortherntheinppm,inConcentration,:

smoothabyand(dots)averagesmonthlybyshownrespectively,hemisphere,ern

lines,(solidfunctionsplineaandharmonicsseasonal4ofsumtheofconsistingcurve

increasingrepresenttofactor,gainlinearaincludeharmonicsseasonalThetext).see

time.withamplitude dandcPanels ratio,isotopicreducedforrespectively,Same,:

δ13 inC, °/°° andconcentrationofdataadjustedSeasonally. δ13 daysindividualforC

2.FigureindefinedasarenamescodeStation2.FigureIV,Articleinplottedare

1,Table(seecombinedIslands,ChristmasandFanningfordatatorefersFAN/CHR

ofscaleThee).footnote δ13 concentrationofpatternsseasonalthatsoinvertedisC

and δ13 phasing.samethewithappearC
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Figure 4. Seasonally adjusted atmospheric CO2 concentration and its reduced isotopic

ratio, δ13C, from 1978 through 1999. Station code names are listed in descending

order of plotted data on the right side of each panel, as defined in Table 1. The

significance of vertical gray bars is explained in Figure 5. Panel a: Seasonally

adjusted concentration, in ppm, after removing a linear trend (1978 intercept, 335 ppm;

slope 1.474 ppm yr−1). Straight line, A, denotes the interval of calculations of

regional fluxes, described in Article II; line B, the interval of complete concentration

and isotopic data for all stations. Panel b: Same as Panel a, except for δ13C, in ⁄̊̊
 ̊
,

after removal of a linear trend (1978 intercept, -7.440 ̊⁄̊
 ̊

slope -0.0203 ̊⁄̊
 ̊

yr−1). The

scale is inverted so that variations are plotted in the same vertical direction as those of

CO2 concentration. Data for Mauna Loa are not included in the global averages

shown in Figures 6 and 7.
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Figure 5. Comparison of quantities that vary with the El Niño-Southern Oscillation

(ENSO) Cycle. Panel a: Rate of change of atmospheric CO2 concentration, in ppm

yr−1, at Mauna Loa Observatory, Hawaii (strongly fluctuating curve), plotted together

with the industrial CO2 release (slowly rising curve). The latter trend is defined as the

average fraction of emissions of industrial CO2 that remained airborne as determined

by Keeling et al. [1995] to be 58.1%. Panel b: The Southern Oscillation Index (SOI,

thin line), determined as the barometric pressure difference of Tahiti minus Darwin,

Australia, in hPa, and global average temperature anomaly (thicker line). The SOI

data were derived from Climate Prediction Center [2000], the temperature data from

Jones [1994, and personal communication]. Vertical gray bars in both panels indicate

time-intervals during which the rate of change of atmospheric CO2 at Mauna Loa

exceeded the industrial CO2 trend rate (see text).
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Figure 6. Global average of seasonally adjusted atmospheric CO2, shown as spline

curves. The averages are derived from the smoothed curves for the individual stations

shown in Figure 3, with linear trends removed. The method of computation is

described in Appendix D. Panel a: concentration, in ppm. Panel b: δ13C, in ⁄̊̊
 ̊
.

Gray bars are as in Figure 5.
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Figure 7. Rates of change of globally averaged atmospheric CO2 concentration, in ppm

(thick line), and δ13C, in ⁄̊̊
 ̊

(thin line), computed from the time-trends shown in Fig-

ure 6, but without linear trends removed. Gray bars are as in Figure 5.
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Figure 8. Reduced isotopic ratio, δ13CI , in ⁄̊̊
 ̊
, that explains the covariation of δ13C of

atmospheric CO2 with CO2 concentration over successive annual cycles, computed

from pairs of measurements for separate calendar years of observations at stations

shown in Figure 2. Vertical bars indicate standard errors of fit (1σ), determined by

regressing δ13C versus the reciprocal of CO2 concentration (see text). Sloping straight

lines indicate rate of change in δ13C of atmospheric CO2 at Mauna Loa Observatory,

Hawaii. Gray bars are as in Figure 5.
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Figure 9. Reduced isotopic ratio, δ13CI , in ⁄̊̊
 ̊
, that explains the diurnal variation in

δ13C of CO2 in the ambient air for two northern conifer forests, computed from pairs

of measurements, as in Figure 8 but over 24 hour periods. Squares denote measure-

ments made near Hamilton, Montana (46.3˚N, 114.2˚W), circles near Rock Lake,

Alberta (53.5˚N, 118.3˚W). Hamilton samples, taken close to 1 August of each year,

are shown as solid squares, others as open squares. Sites and experimental methods

are described by Lancaster [1990]. Straight line segments between points near 1

August of each year, for each station, are to reveal interannual trends.
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Figure 10. Time-varying global CO2 fluxes, in PgC yr−1, as labeled, positive to the

atmosphere, shown as spline fits to monthly data. Gray bars are as in Figure 5. Panel

a: Industrial CO2 emissions, rate of change of CO2 abundance, and an inferred atmos-

pheric CO2 sink, defined as the difference between emissions and abundance change.

Panel b: Net terrestrial biospheric and oceanic CO2 exchange fluxes with the atmo-

sphere (thick and thin lines, respectively), computed by double deconvolution as

described in the text, assuming constant isotopic discrimination for C3 and C4 plants.

Panel c: The terrestrial biospheric exchange flux, shown in Panel b, divided into a

contribution related to rising atmospheric CO2 concentration, Ff er , ("CO2 fertilization

flux," lower curve), a constant "land-use source", Fdes (straight line), and an

anomalous flux, Fano ,bio , as defined in the text. Panel d: Oceanic exchange flux of

Panel b, divided into an oceanic uptake flux (Fex , lower curve) and an anomalous flux,

Fano ,oce , as defined in the text.



���������#��



I, Fig. 10cd



Figure 11. Sensitivity of computed oceanic exchange fluxes (cf. Figure 10d) to param-

eters of the oceanic carbon cycle model. For each test case the computed oceanic

uptake sink, Fex , owing to rising CO2, is plotted separately below that of the

anomalous oceanic flux. Panel a: The oceanic vertical diffusion coefficient, K , suc-

cessively reduced from 7685 m2 yr−1 (solid line) to 4005 and 2000 m2 yr−1 (successive

dashed lines). Panel b: The air-sea exchange coefficient, kam , increased from 6.88 yr−1

(solid line) to 7.87 yr−1 (dashed line). For definitions of K and kam , see Siegenthaler

[1983] and Keeling et al. [1989a, Table 8]. Gray bars are as in Figure 5.
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Figure 12. Comparison of the anomalous oceanic flux, Fano ,oce , (thick line), as plotted

in Figure 10, Panel d, with seasurface temperature, (thin line) in ˚C, in the eastern

Pacific Ocean, averaged from 180˚W to 80˚W longitude, 20˚N to 20˚S latitude [Jones,

1994, and personal communication]. Gray bars are as in Figure 5.
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Figure E.1. Global temperature anomaly of surface ocean water, in ˚C, from 1856

through 1999 [Jones, 1994, and personal communication]. Annual data are shown as

dots. The solid line is a spline fit [Reinsch, 1967] to monthly data with a standard

error, σ, of 0.058˚C.
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